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MAGNETIC STEELS

Generators investigated for this study range from low temperature 1800 rpm

machines to high temperature 72000 rpm machines. For so great a range of

rotor speeds, steels are needed that have good strength as well as good mag-
netic properties.

All presently known magnetic steel alloys have deficiencies. The alloys with
the best saturation magnetization are weak. The Cobalt steels become radio-
active under neutron bombardment. The tool steels have relatively poor mag-
netic properties. In short, all of the magnetic steels are compromises.

The following curves and discussion may help toward making the best com-
promise.

CURIE POINTS

The magnetic properties of any of the steels,of pure iron or of nickel, exhibit
a reversible deterioration as the Curie point of the metal is approached. This
deterioration is shown by a generalized curve from Bozorth. A similar curve
showing the increased flux-carrying ability of a cobalt-iron alloy is given
also. Then the Curie points of several of the better-known alloys are listed.
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CURIE POINTS OF THE MAGNETIC MATERIALS

USED IN GENERATORS, MOTORS AND INDUCTORS

Material Curie Point C
iron 770
Cobalt 113¢
Nickel 358
50 Co 3 Mn 47 Fe (Permendur) 980
49Co2V 49 Fe 2V Permendur) 980
35Co5Cr 6 Mn .7 Ni 63 Fe 960
27Co5Cr 6 Mn .7 Ni 71 Fe 940
Silicon-Iron 2 Si 756
Silicon-Iron 8 Si 720
Silicon-Iron 11 Si 690
65 Permalloy 65 Ni - Iron 620
79 Ni Permalloy 580
7-70 Perminvar 70 Ni 7 Co - Fe 650
Perminvar 45 Ni 25 Co - Fe 720
Perminvar 45 Ni 25 Co 7.5 Mo - Fe 535
79 Ni 4 Mo - Fe (P-Alloy) 460
79 Ni 5 Mo - Fe (Supermalloy) 400
47 Ni 3 Mo - Fe (Nonimax) 510
43 Ni 3.25 8i - Fe (Sinimax) 510
76 Ni 1.5 Cr 4 Cu - Fe (Mu-Metal) 450




CURIE POINTS OF THE MAGNETIC MATERIAIS

USED IN GENERATORS, MOTORS AND INDUCTORS

(Continued) -

38 Ni - Fe (Invar)

42 Ni - Fe

50 Ni - Fe (Deltamax)

15 AL 3.3 Mo - Fe (Thermenol)

Alnico 5 - 24 Co 14 Ni 8 AL 3 Cu

Alnico 6 - 24 Co 15 Ni 8 AL 3Cu 1.25 Ti
Chrome Steel .9C .3 Mn 3.5Cr

3% Cobalt Steel 1.0C 3 Co 4Cr .4 Mo
17% Cobalt Steel .8 C 17Co 25Cr 8 W
36% Cobalt Steel . 7TC 36Co4Cr 5W



PURE IRON AND SILICON STEEL

Pure iron or almost pure iron is commonly used for yokes of d-c¢ machines
and for unidirectional flux circuits that require a high saturation induction.

- Pure iron has a higher saturation induction than any material except cobalt-
iron alloy. Because pure iron has low resistivity, its eddy losses are high

when it is used in a-c circuits.

To reduce the eddy losses of iron for use in alternating flux circuits, silicon
is commonly added. This increases the resistance, reduces the width of the
hysteresis loop and reduces degradation of magnetic properties with age
(aging).

A curve of resistivity versus % silicon in iron is provided to show the effect
of adding silicon. Since silicon reduces the saturation induction in iron and
makes it brittle at the same time, about 4% silicon is the maximum alloy for
production use. Six percent (6%) silicon added to iron reduces the magneto-
striction to almost zero so that alloy content is of interest for low noise ma-
chines and transformers.
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NON-MAGNETIC STEELS

The Chrome-Nickel steels of the 300 series are used as non-magnetic spacers
and support members in rotor weldments, braces and other structural loca-
tions where it is desirable to use a material with a permeability of one (1).
Some of the 300 series steels are non-magnetic in the ''soft"” condition but
when they are work hardened part of the steel changes phase and becomes
magnetic. The 18-8 steel (see 301 on chart) becomes useless for non-mag-
netic needs when cold reduced 25% to 50%.

A table taken from an International Nickel Co. Bulletin is included for guid-
ance.



MAGNETIC PROPERTIES OF Cr NiSTEELS

Magnetic Permeability ~ Tensile
AISI % % % Cold H = 50 H = 200 Strength
Type No. Cr Ni Reduction Oersteds Oersteds Lb/Sq. In.

Special 1.2 8.4 0 1.0042 1.0048 89, 100
8.3 1.128 1.136 120, 400
16.7 5.70 6.23 138, 200
27.8 13.6 14.1° 156, 000
48.0 49.0 33.4 202, 000
301 17.6 7.8 0 1.0027 1.0028 95, 000
19.5 1.148 1.257 140, 600
55.0 14.8 19.0 222, 400
302 - 18.4 9.0 0 1.0025 1.0035 95, 300
20.0 1.0076 1.011 130, 200
44.0 1.050 1.120 171,000
68.0 1.59 2.70 214,000
84.0 2.15 6.65 236,000
304 19.0 10.7 0 1.0037 1.0040 81, 000
13.8 1.0048 1.0060 101, 100
32.0 1.0371 1.062 145, 900
65.0 1.540 2.12 180, 400
84.5 2.20 4.75 202, 800
308 17.9 11.7 0 1.0032 1.0044 88, 200
18.5 1.0040 1.0054 129, 100
34.5 1.017 1.020 154, 700
52.5 1.049 1.063 175, 900
84.0 1.093 1. 142 197, 800
310 24.3 20.7 0 1.0018 1.0035 107, 800
14.7 1.0016 1.0041 128, 100
26.8 1.0018 1.0043 155, 000
64.2 1.0019 1.0041 192, 600
316
2.4%MO. 17.5 13.4 0 1.0030 1.0040 83, 600
20.8 1.0030 1.0043 117, 800
45.0 1.0040 1.0065 159, 900
60.8 1.0065 1.0072 178,000
81 1.0070 1.0100 194, 100



MAGNETIC PROPERTIES OF Cr Ni STEELS (Cont)

Magnetic Permeability Tensile

AISI % % % Cold H =50 H = 200 Strength
Type No. Cr Ni Reduction Oersteds Oersteds Lb/Sq. In.
321
0.68% Ti 18.3 10.3 0 1.0033 1.0035 817, 800
16.5 1.018 1.023 123, 200
41.5 1.40 1.81 162, 200
53.5 2.44 3.34 174, 400
70.5 6.76 9.40 201, 300

347

0.95% Cb. 18.4 10.7 0 1.0037 1.0044 94, 800
13.5 1.0074 1.0085 118, 200
40.0 1.062 1.088 166, 100
60.0 1.245 1.445 179, 800
90.0 1.97 4.12 216, 500

Ref: Heat treatment and physical properties of the Austenitic Chromium -
Ni Steels - International Nickel Co. Bulletin
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COBALT-IRON ALLOYS

The cobalt-iron alloys have the highest curie points of any of the alloys.
(Only cobalt has a higher curie temperature.) In some high temperature
applications, no other presently known magnetic materials could be used.

5
®
@
5.
5
-]
=
a

The "soft" or high permeability Cobalt-iron alloys are weak i
brittie at room temperature so their use in high speed rotor con

becomes difficult.

The Cobalt becomes radioactive when the cobalt-iron is used in a nuclear
radiation environment and since the Cobalt radioisotope half-life is 60 years,
handling the generator becomes difficult after such exposure.

The large body of permanent magnet alloys remains mostly unexplored for

""soft" applications.
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CREEP STRENGTH

For high temperature applications, the creep strength of the rotor steel
must be known. At this time, the creep data available is incomplete and
the properties of all known alloys fall far short of those desired.

A table of creep strength for AISI alloys is given and two curves of creep
data for carbon steels is given. The creep strength of carbon steel is about
the same as most low-alloy steels when 1000°F temperature is exceeded.
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STRESS IN MAGNETIC STEELS

"'"The magnetic properties of most ferromagnetic materials change with the
application of stress to such an extent that stress may be ranked with field
strength and temperature as one of the primary factors affecting magnetic
change. In some materials a tension of 10 ‘K,g/mm2 (14, 200 lb/inz) will in-
crease the permeabilitj in low fields by a factor of 100; in-others, the per-
meability is decreased by tension and in still others (e.g., iron) the perme-

3 tev 3 Aand that 3 hickan £ a13a Ananmanon a
y fields is increaseda at il nigner i1ieilas aecreaseda.

o
"

r
]
-
e
)]

L

In all materials, the saturation induction is unaffected by a stress within

the elastic limit, and it is affected by stresses large enough to produce plas-
tic flow only when a change of phase or state of atomic ordering occurs in
the'-'._’material. " From "Ferromagnetism' by Bozorth, page 595.
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ALLOY STRUCTURAL STEELS

Low alloy steels can be used in applications requiring good flux-carrying
ability and high strength. Some of them are suitable for use in high-speed

rotors at temperatures up to 5000 C after which temperature they are little
better than ordinary carbon-steel.

Some of the tool steels are usable above 1000° F.
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PERMANENT-MAGNET STEELS

The Alnicos are used almost exclusively in permanent magnet generators
because their energy product is much higher than that of the oider mragnet
alloys. Since permanent magnet materials are sometimes used in rotors
of electromagnetic machines (because of strength or residual magnetic
properties), the hysteresis loops and BH curves of the various common

permanent magnet alloys are given here and a table of the worlds best-

permanent-magnet alloys is included.

ana s - anfaa - L =) S A

One curve shows the effect of alternating magnetic fields on the PM alloys
and another the effect of physical impacts.
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The following list of cobalt steels known as "hard' magnetic steels was taken
from Cobalt No. 4 Sept., 1959, the publication of the Cobalt Information

Center in Brussels.

Cobalt Steels Composition B, Gauss
2% Cobalt Steel (G. B.)
Co 040 )
16/120/48 ) Germany 4Cr2C01C0.6W 9800
WH )
K2 )
3% Cobalt Steel (G. B.)
Co 045 ) :
18/97/47 ) Germany 9Cr3Col1l.5MO1C 7200
Kobalt 100 )
HA 1 (Belgium)
KS 4 (Japan )
6% Cobalt Steel (G. B.)
Co 050 )
20/68/44 ) Germany 9Cr6Col1l.5MO1C 7800
Kobalt 125 )
K6 )
HA 2 (Belgium)
MS 6 (Switzerland)
9% Cobalt Steel (G. B.)
Co 160 )
25/51/43 ) Germany 9Co9Cr1.5M01C 8000

KS 3 (Japan)

11% Cobalt Steel )
Co 060 )Germany
K11 )

. 15% Cobalt Steel (G. B.)
Co 070

Kobalt 200

28/46/43

K 16

HA 3 (Belgium)

MS 15 (Switzerland)

KS 2 (Japan)

11Co8.5Cr1.5M01C

15%Co9Cr 1.5MO 1C

8500

et wime e o s



List of Cobalt Steels (Cont)

Cobalt Steels

17% Cobalt Steel (USA)
20% Cobalt Steel (G. B.)

30% Cobalt Steel )

Co 090 ) Germany
K 30 )

35% Cobalt Steel (G. B.)

KS-1 (Japan)

Co 100 )

Kobalt 300 ) Germany
40/35/42

Hi-Cobalt (USA)

HA-4 (Belgium)
MS-35 (Switzerland)
Ergit Max 1 (Hungary)

36% Cobalt Steel (USA)
38% Cobalt Steel (USA)

Composition Br Gauss

17Co8W2.5Cr0175 C 9500
20Co9Cr1.5MO01C 9000

30Co04.5Cr4.5W0.9C 8600

35Co6Cr5wW0.9C 9000
36Co5W4Cr0.7C 9500
38Co5W4Co00.7C 10000
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DERIVATION OF FORMULAS AND DESIGN NOTES

CONTENTS

Grouping of Fractional Slot Windings

Distribution Factor

Skew Factor

Pitch Factor

Fundamental of the Field Form

Total Flux in the Air Gap

Pole Constant

' Effective Resistance and Eddy Factor

Demagnetizing Ampere Turns and Demagnetizing Factor
Leakage Reactance

Reactance of Armature Reaction

Rotor Slot Flux

Derivation of Flux Distribution Constant C £
Synchronous Reactance

Transient and Subtransient Reactances and Time Constants
Potier Reactance

Carter's Coefficients

Vector Diagram of a Round Rotor Generator

A Study of the Effect of Varying the Pole Embrace in Electro-
magnetic Synchronous Generators
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GROUPING OF FRACTIONAL SLOT WINDINGS

When the stator is comprised of a winding having fractional slots per pole,
the grouping of the coils can be determined by the following method.

Express the ratio of the number of slots to the number of poles as an improper
fraction reduced to its lowest terms. The denominator will then represent the
number of poies in a repeatable section and the numerator will then be the
number of slots in a repeatable section. If the number of slots in a repeat-
able section is not divisible by the number of phases a balanced polyphase
winding cannot be obtained.

The maximum number of parallel paths in the winding is found by dividing the
number of poles of the machine by the number of poles in a repeatable section.
This gives the maximum possible number of parallels.

To determine the grouping lay out a table having as many horizontal divisions
as there are slots per repeatable section, and as many vertical divisions as
there are poles per repeatable section. Divide the horizontal divisions into
m number of phases and using a pitch of y = poles per repeatable section lay
out the winding.

As an example consider a 3 phase, 20 pole, 84 slot machine, then 84/20 =
21/5 = (slots per repeatable section)/(poles per repeatable section). The
maximum number of parallels possible = 20/5 = 4, and the available number
of parallels will then be 4 and 2. Lay out the table as follows with y = 5 and
throw = 1-6.

112/3/4|5/6(7{8/9(10|1112 |13 1415|1617 |18 |19/20|21

X X X X X

b COIDND |
e
|§'€l
b
A
‘—J————r
i
b
b
§
"
»

Phase a Phase ¢ Phase b



47

The grouping will thus be 21211-21211 = 21211 = and repeat 3 x 4 = 12 times.
The coils will then be placed as follows: )

Slot No. 1/12{3l4|5|6|7(8|9|10|11 (12|13 |14 ({15|16|17 |18 |19 j20 {21 "

Phase of [+ |+ |=|+]+]|-{+|=-|-|+ |- |-|+|-|+ |+ - |+ |+]|-|+
Coil alalec|biblalc|blbla |cjc]|blalc|c|blaja|c|b

Grouping | 2 (1| 2 1f1| 2 1| 2 |1f1} 2 (1} 2 ;11

Another way of accomplishing the same result as that given above is as follows:

Since there are 5 poles per repeatable section and 21 slots per repeatable sec-
tion there must be 7 slots per phase in each repeatable section with these 7
slots occupying positions over 5 poles. The coils in a section may be arranged
in any order but the best arrangement in general is that which gives the largest
distribution factor. Usually the most symmetrical arrangement of the coils is
best, or in this case 12121. Laying out the winding of the previous example for
the 12121 arrangement gives:

Slot No. 1/2|314|5|6|7|8(/9{10|11|12 13 |14 (15|16|17 {18 {1920 |21

Phaseof |+ |-|-Il+|~-|-|+]|-|+|+|-]|+|+ |-+ -] ~-|+|=-|-]%+

Coil alcle|blalalc|blajajc|{b]bjalc|b|bjajc|c}b

Grouping (1| 2 {1} 2 |1j1{ 2 1} 2 |11} 2 |1 2 |1

which is the same as that arrived at previously with the exception that it is
displaced several slots.

THE SLOT STAR
The two above methods of grouping can be verified by the slot star method.

In general let the number of slots per phase per pole q be represented as
q = N/B = a + b/B. where a is an integer. Then the winding repeats itself
after each B poles and the number of recurrent groups is equal to P/B. Each
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phase has N slots in B poles. Further, each phase has B - b coil groups with
a coils and b coil groups with a + 1 coils in B poles. If B/m equals an integer
there cannot be a perfectly balanced fractional slot winding.

Apply the above rules to the 3 phase, 20 pole, 84 slot example gives q = 84/
(20x 3) =7/5 =14+ 2/5. Thus the winding repeats itself after each 5 poles the
number of recurreni groups is 20/5 = 4. Each phase has 7 slots in 5 poles
and each phase had 5 - 2 = 3 coil groups with 1 coil and 2 coil groups with

1+ 1 =2 coils in 5 poles.

The slot star of a 2 pole, 3 phase integral slot winding with q equals two is
shown in Figure 1. The angle between two adjaéent slots is ¢ = 180° /mq =
30°.

Two adjacent vectors correspond to two adjacent slots and thus slots 1, 2, 7,
and 8 belong to phase I, slots 3, 4, 9, and 10 belong to phase IT and so on. Vec-
tor 7 with which the second pole starts is shifted 180° with respect to vector 1,
and the same applies for vectors 2 and 8, 3 and 9, etc. Therefore the bottom
half of the slot star is the same as the top half except that their vectors are
shifted by 180°.

The four coils of phase 1 are shown in Figure 2 with the solid lines represent-
ing the tops of the slots and the dotted lines representing the bottom. The con-
nector C takes care that all the emfs add together and thus the slot star of this
example is completely represented by only half of the circle.

The above type of star will then apply to the integral slot windings in general.

In the fractional slot winding, B poles make the recurrent group and just as
for the integral slot winding the slot star of B poles is represented by half of
a circle.

Figure 3 shows the slot star of the 20 pole, 3 phase, 84 slot example.

T
are 5 poles in B with 7 x 3 = 21 slots per recurrent group. @ = 180/ (3 x 1. 4)



= 42 and 6/ 7°. Thus the angles which correspond to the slots are:

Slot No. 1 2 3 4 5 6
@ -0 426/7 855/7 128 4/7 1713/7 2142/7=342/7 etc.

Since the largest distribution factor for the fundamental is obtained when the
slots belonging to each group are closest together, the first seven slots in the .
slot star will be assigned to phase a. The second seven to phase ¢, and the
last seven to phase b. Thus slots 1, 18, 14, 10, 6, 2, and 19 are phase a;

15, 11, 7, 3, 20, 16, and 12 are phase c; and 8, 4, 21, 17, 13, 9, and 5 are

phase b.

The grouping then becomes

e

Slot No. 1{23/4(5/6{718({9(10(11}12/13 141516 (1718192021

Phase of |+ |+ |-|+|[+|=-|+|-|-|+ | -] -+ | -|+]|+]|=-|+]+] -]+

Coil alajci{b|blajc|biblalc|jc|{bjlalcic|b]lajajc|b

Grouping | 2 [1] 2 |1f1] 2 |1 2 |1/1] 2 [|1] 2 |[1]1

This is identical with the grouping of the first method and therefore verifies

its accuracy.

In the integral slot winding the beginnings of the phases are displaced by 120
and 240 electrical degrees. Also in the fractional slot windings the distances
between the beginnings of the phases can be made 120 and 240°. This will be
the case when the beginnings are placed in slots 1, 1 + N, and 1 + 2N when B
is an even number, and in slots 1, 1 + 2N, and 1 + (1 + m) N, when B is an odd
number. This arrangement of the beginnings of the phases will place them far
apart from each other mechanically while it is often desirable to have them
near to each other. In order to place the beginnings of the phases near to each
other the beginnings can be placed approximately 120 and 240 electrical de-

grees apart and the windings still will be balanced. This is due to the fact that



in the fractional slot winding the emfs of the consecutive coil groups are not
in phase and the sequénce of the geometric addition of the single emfs is of no
influence on the resultant phase emf. So in the exampie considered the be-
ginnings of the phases can be placed in slot 1 for phase a, slot 4 for phase b,
and slot 7 for phase c. The angles between the beginnings are then 128 and
4/7°, and 257 and 1/7°.

The voltages induced in the separate coils of a distributed winding are not in
exact phase and their resultant is therefore less than would be produced in a
concentrated winding having }the same number of turns. The ratio of the volt-
ages produced by distributed and concentrated windings having the same num-
ber of turns is called the distribution factor. In the case of integral slots per
phase per pole it can be derived as follows:

0 = electrical angle per phase group

_ e
r= «
s
281!1—2—
0 _ . qms_E
8iny = sin —— = 5
CIOCS
qac qa esm—2—
E = 2r sin S_z( em>sm zs_ <
2sin__§ sin s
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Since a displacement of g between the slots is nacg for the nth harmonic,

gnoc
sin —

.. 2
Kdn for the nth harmonic is Kdn_ = ‘”_'TE';
q sin——

FRACTIONAL SLOT DISTRIBUTION FACTOR

Refer to the slot star shown in Figure 3 of the section titled "Grouping of
Fractional Slot Windings" and it will be noted that to determine K d for a frac-
tional slot winding it is necessary to distinguish between the angle between
two slots @ and the angle between two vectors @ - This latter angle is the
magnetic field angle between the slots of the recurrent group and this angle
determines the phase difference between the vectors. The magnetic field
angle is «c = 180°/Nm where N is the same as in "Grouping of Fractional
Slot Windings".

It can be seen from the slot star that the fractional slot winding thus behaves
like a winding with N slots per phase per pole shifted with respect to each
other by the magnetic field angle @ - Therefore the distribution factor is

Na
sm___g
K.=— 2
d ccm
Nsm—2—

The general effect of distributing a winding is to smooth out the wave form by
diminishing the amplitude of the harmonics with respect to the fundamental.
The distribution of the armature copper loss is also improved.
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The distribution factor of the three phase winding is greater than that of the
two phase winding and for this reason the three phase winding is used where
there is a free choice of the number of phases. The distribution factor of the
single phase winding is much smaller than that of either 3 or 2 phase windings
because the winding is distributed over a larger arc.

1
I pOie are use

chines. The reason for this can be best shown by an example. Let the number

of slots per pole equal 9, and if all slots were wound then @, = 1800/ 9 = 200,
and '
. ( 20)
sin(9 x -
K, = 2) . 1~ 640
d  9xsin10°  T1.563 ~
If only 6 slots are wound
_ sin (6 x 10) _
Ky = gxsm10 ~ 932
. . 9x.640 _ .
Thus, for 9 slots the number of effective turns is only 5% 832 - 1.15 times

the number of effective turns obtained when using 6 slots, and therefore by
using 50% more copper with its additional 50% more loss, only 15% more volt-
age has been obtained.

SKEW FACTOR

It can be noted in the table of distribution factors that some harmonics have
the same distribution factor as the fundamental. These harmonics are called
the slot harmonics and their orders are

n = I:K (quil + 1= K(p7Q§) + 1 where K is an integer

The slot harmonics which correspond to K = 1 (slot harmonics of the first
order) are among the most troublesome harmonics in AC machines. Their
influence, as well as the influence of other harmonics of higher order, can

be reduced by skewing and for this reason stator or rotor slots are sometimes
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skewed. The skewing also reduces the flux variation in the fringing of the flux
at the pole tips due to the slots entering and leaving the polar region. Such a
flux variation oftentimes contributes to noise.

Skewing has the same effect as the distribution of a winding over a larger zone
because it reduces the interlinkages between the field and stator windings.

to skewing is call

cotar dua - 2d tho cloa £oolas
actor due to skewing is called the skew factor.

For slots that have a large number of slots per coil group the path of the vec-
tors being added approaches the arc of a circle, and when this happens the
distribution factor can be expressed as the ratio of the chord AE to the arc
AE and

9%s  1/2 chord AE

SIn —— = 3

qms
chord AE = 2R sin T

arc AE = Rqa

8
qa:s qms
2R sin —2— Sm—2—
K = . =
d Rqoz:s qecg
__2__

If Z 18 the arc which the coil group occupies per pole and tp is the pole pitch
then

YA/

- = Ta“‘“‘ 4 o
w3

Lett be the slot skew in inches for a length equal to the core length of the

machine and the skew factor Ksk is



56




57

t
. SkTr skﬂ'
sSln 'Zt“'— sin n-z—t"
Ksk = —t———-— (fundamental) & K nsk = __t__p_ (nth harmonic)
sk 17 n 8K
t 2 2t
p p

The influence of skewing is nigligible for the fundamental, small for the har-
monics of low order, and very considerable for the harmonics of higher order.
\ skew which is equal to one stator slot pitch makes the influence of the dan-

gerous slot harmonics almost negligible.

PITCH FACTOR

Fractional pitch windings decrease the length of end connections, reduce slot
reactance, and provide a means for improving the wave form. They can be
used to eliminate any one harmonic from the voltage wave as well as to reduce
other harmonics. However, they require a few more turns or a greater flux
for the same voltage than a full pitch winding.

Since the'twd sides of a coil of a fractional pitch winding do not lie under the
centers of adﬁ'acent poles at the same instant the voltages induced in them are
not in phase when considered around the coil. The voltage produced is there-
fore less than that which would be produced in a full pitch winding. The voltage
generated in any single turn is the vector difference of the voltages generated
in the two inductors which form the active sides of the turn. If the throw in
slots is y, then (y/mq) x 180° will be the angle of phase difference between

the turns and Kp is then derived as follows:

AB = BC = E; since AB = BC, angle C = angle A, and the bisector of (y/mgq) x

|
180° will be perpendicular to AC and will bisect AC into two equal parts E ;
thus

Kp = 2E /2E E /E = sin [(y/mq) x (1800/2)] sin y 900)

\inq

Since the displacement for any harmonic such as the nth is n times the phase
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displacement of the fundamental, Kp for any harmonic n is
. ([ ny 0
K = sin{— x90
p = sing x 90
Any harmonic can be eliminated by choosing a pitch that makes the pitch fac-
tor zero for that harmonic. Thus to eliminate the nth harmonic it is only neces-
sary to select a pitch such that n(y/mq) x 50° equals 1800, 3600, 5400, eic.
(any multiple of 1800). Eliminating any one harmonic also reduces other har-
monics and the fundamental by different amounts. A pitch of 5/6 will give
minimum fifth and seventh harmonics and should theoretically give a minimum
additional rotor surface loss under load conditions.
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FUNDAMENTAL OF THE FIELD FORM

The field winding of a round rotor machine is generélly made in spiral fashion
as shown. It is distributed in such a manner that an approximate sinusoidal
distribution of flux is obtained. The distribution of MMF produced by the
winding is shown in the lower part of the figure. The center portion of the
pole can either be left solid as in the figure or can be slotted with the slots
left unwound. For the same reason as in the single phase winding the field
winding is usually distributed over about 2/3 of the pole pitch of the rotor.

Cl BASED ON A ROTOR WITH SOLID CENTER SECTION

Assume that the distribution of MMF is trapezoidal in shape instead of stepped
and let @ = Qr/ Q;_ = number of rotor slots wound/number of slot pitches on
rotor surface; Kr = Carter's coefficient for the rotor slots; Ks = Carter's
coefficient for the stator slots; g = actual value of the single air gap; 8o =
KSg; and r = the rad.fms of the stator bore. |

T —
r(:-o( Tr-—!

ampere and then the ampere turns at |

e

Assume that the field current is one

the solid center portion of the pole

will be Nf where Nf is the number of

field turns per pole. The flux density

|
|
|
|
|
ch at the solid portion is thus: I

P

_ 9 _ MMFa _ 3.19Ng
a

ch' fa =~ ge

|
At the slotted portion of the rotor, the I
PO ’ 0=F 6-0 6=de 6%

air gap will be increased by an amount
Kr and the field ampere turns will vary as a straight line from 0 to Nf. The
equation of a straight line is mx + b where m is the slope of the line and thus

Nf = m0® + b. The slope m is calculated to be



Yo - ¥
2 1 ) w 7
m X, - % whereyz-Nf,y1 0,x2- [:-2—-(1 oc)-g ,xl-O
N N N, 0
m= f = f and N, = f +b
T, Tl .oZ I«
277 2 2 2

Substituting for the condition N_ = 0 at 6 = /2 gives

f

Nf7'27: N;
0=- 17,+b and b=—(’i
3
Thus N = -N—f9= ﬁ_ .I.qi (1_2)
f m_'é_r a d Y/l

The flux density at the slotted portion of the pole then becomes

N
L 3.19@ (1 - _21_2)= 3. 19N (1 ] 2_9)
rs Kr ge Kr ge a v/

The equation for the Fourier coefficient Al (the maximum fundamental) is

T2
A, =—4ﬁ/ £ (8) cos 840
(o]
(1-a) W2 2
A - %,j 3'ZNf cos 840 + %J % (1 -%—Te-)cos 8de

(1-cac) M2
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3. 19N 1 -cc) V2 3. 19N /2
gf(sine)o +F4Kg¢fr a7 cosede-%
e | re A1 - g V2
3.19N, 2 /”/2 |
e o - 0 cos 6d6

e A1)V
fxcosxdx=cosx+xsinx
: T
3.19N, o g 310N /2 -
sin (1 - cc) + = —Z——— (sin 0) 172
€e 27T Kg (1-cc)
3.19N /2
—7782-1( ;(cose+6sin6) 2
rfe (1-occ)
3. 19N, 2 4 319N, , 3.19N /2
sin (1 - cc) = —— - = 74— 8in (1 - ac)
e m Krge «c T Krge c
v
+—§-2—:I19N§ccos(1-oc) 172 -%iIQN(fn:g_,
m rfe T rfe
Y/
8 3. 19N, /2
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D 2 3. 19N 3. 19N 3.19N
Ay = sin(l- ) [%_f._i_l 4 f1- )

+ ,————
€e T Kgox T Kge @
R 1R e N R
rPe rfe rfe
sin (x -y) = sinxcosy -cosxsiny
cos (x -y) =

COS XCOS y + sinx siny

sin(l-cx:)—'g: =sin(172—r -%):sin%cosﬂ?--cos%sinlgi

_ Ta
—COS—T
. T _Tree) _ T T . T . TTCC
cos (1 - ac) 5 -cos(2 T)-cos 3 €08 —— + sin 5 sin ——
=Sin-——172m
- con T | 4 3.19Nf 4 3.19Nf+_i 3.19Nf 4 3.19Nf
1 2 ™ 8o T Krgeoc m Krgeoc v Krge
. ain e i3.19Nf)
2 T2 Kg o
roe
_4 3.19Nf cos T 1 . gin T 8_3'19Nf
L 2 K. 2 m2 Krgeoc
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C1 is the ratio of A1 to the actual maxium of the wave

N 4 3. 19N oy T E{r 1 g  3-19N, T
1 2
C. =B = T g ¢ | K, Tora  Se
1 pc 3.19Nf
Ee
K -1]
_ 4 e | r 8 . T
C1 = 7F cos 3 L K J + =3 sin 3
r T°Kr ¢

C 1 BASED ON A ROTOR WITH SLOTTED CENTER SECTION

When the center is slotted instead of solid the Kr applies to the complete
rotor. Therefore, by making Kr equal to unity in the above equation we will
get an answer that is independent of the effect of rotor slots and

8 . T
C, = —5— sin —-
1 nzm 2

When using this value of C1 it is necessary to include Kr in 8o and

ge = KI‘KSg
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TOTAL FLUX IN THE AIR GAP

When a synchronous alternator operates at no load the only MMF acting is that
of the field winding. The flux produced by this winding depends only upon the
current it carries, the number of turns and their arrangement, and the total
reluctance of the path through which the MMF acts. Neglecting the effect of
stator and rotor slots the distribution of the no load air gap flux depends upon
the distribution of the field winding. The voltage induced in the stator coils

under this open circuit condition can thus be calculated as follows:

Consider a closed loop rectangular
conductor moving down between two N 7 L/ S

poles as shown in the figure. If it #: A
moves a distance dx in a time dt the —_—
flux interlinkage is; /

g
d® = (lines/em?) (cm?) = -B¢dx /

and the voltage induced in the coil will be

8

_ d@ ..-8 _ dx ,,-8 _ -8 _
e=-g 10" = Bt F10 = B?vl0 ~ where v = cm/sec.

If English units of B = lines/in. 2, <= inches, and v = ft. /min are used

60 5

e <(—By) (¢x2.50) (L2 12X 250 152v10°8 voits/cont
2.54 '

The maximum voltage induced per coil in a generator then becomes

E max/coil = L Bmfm 10-8 volts
58 12
where Bm is the maximum fundamental flux density at the stator bore and
uals C,B_. Thus
eq 1B

-8
Qe g - nsBmtrrdRPM 10 K K4Q

Ema.x/phase =(.Emax/coil)m pd 60m
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_ Emax/ phase

EpMs/phase = EPR —

-8
nSC 1B g'(77'dRPM KpKdQIO
vz 60m

_ _ E
E = prh-Ephx

E —E=_E
RMS/line Eph

C.K.
E 17d

Cw = Eph Yz m

and n, = Qnst

Cwn_B <TTdRPM
E = g 5 and B
60 x 10

_ 6000E 10°
g CwneRPMdeﬂ

6
_ _ 6000E 10
@r = TAB, = &35 RPI n_ RPM

POLE CONSTANT

Cp BASED ON A ROTOR WITH A SOLID CENTER SECTION

The pole constant is defined as the ratio of the average value of the field form
to the maximum value of the field form. This constant determines the actual

value of flux in the machine.

Refer to the section showing the derivation of the fundamental of the field form
and use the same assumptions and wave shape as was used there. The aver-
age height of the one half trapezo < will be the area of the curve divided by the
base. Since the base of the one half trapezoid is 11/2 the average height is:
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Average height =

72 T
(1-e) " 3 10N, /2 3. 19N .
f 26 .M
YA T I
Ce /2 rBe
o (1-ococ)
, . w2
3. 15N JISN, - i 3.19N v?'
-2 f(1-m)_7.7'_.+l (T - |-|2 2. f
T g 2 T Kg o|2 2 T TKg a2 m:
< A © - — a C - (1-(1:)
_ 3.10N cc 3. 19N, 2 N o, s
ge 8o ™ Krgeoc 2 2 2
2 2
3. 19N, T 3. 19N,
2 f 2 £ (-

- +.—-——
T2 Krgeoc4 T2 Krgeocl

) 3. 19Nf 3. 19Nfa: 3. 19Nf 3. 19Nf 3. 19Nf

= - + - +
Krge 2Krge [v'd 2Krge a

€e €e

3.19N.2 ¢ 3.19N.a 3.19N 3. 19N, cc
3K foc+ 2Kf = f(l'm)’“zxf
rge rge ge rge

Cp is the ratio of the average to the maximum and

, 3. 19N 3.19N, 3. 19N

_ f f . f

p g 1-c) + 2K 8 - 2
r°e e

Q
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Cp BASED ON A ROTOR WITH SLOTTED CENTER SECTION

When the center is slotted instead of solid Kr is included in the effective gap
and Kr becomes unity in the Cp equation.

= 1. x_ 4.
Cp-—l (1:+2 1 7

EFFECTIVE RESISTANCE AND EDDY FACTOR

When an electric circuit carries an alternating current eddy current losses

will occur in neighboring conducting media and in the conductor itself. These
losses cause an increase in the energy component of the voltage drop through
the circuit for a gi\ien current, which is equivalent to an apparent increase in

the resistance of the circuit.

When a conductor in air carries an alternating current the distribution of the
current over the cross section of the conductor is not uniform. Less current
is carried by the central portions of the conductor than by the outer portions.
Since the loss in any element of a conductor is proportional to the square of
the current it carries any lack of uniformity in the distribution of current over
its cross section increases its power loss and in this way increases its ap-
parent resistance. This is the ordinary skin effect. It is much exaggerated
when the conductor is partially surrounded by iron, as in the case of the stator
conductor of a generator. The difference between the current density at the
top and at the bottom of a conductor in the stator slot may be great unless
something is done to prevent it, especially when the cross section of the con-

ductor is large and it is in a narrow, deep slot.

Consider the slot shown in Figure 4. The flux density will vary linearly with
the depth of the slot and will be a maximum at the top. The flux-linkages will
vary as a squared value and will be a maximum at the bottom. The flux pro-

duced by the element in the bottom of the slot surrounds this element. It passes



across the slot above the element

and returns in the iron below it.

Only a negligible amount of this R E Y |

return flux passes through the N p—

slot below the element because of [ A

the high reluctance of the air path ! ./ o

as compared with that of the iron. '\ \\ L] ‘/’ / '..’/

The flux produced by the next ele- \:‘533 ...... o B&o

ment passes across the slot above T

the element and returns in the iron Figure 4
below the slot. All of the flux produced by both elements surrounds or links
all the elements below it. As a result the number of flux-linkages with ele-
ments increases in passing from the top to the bottom of the slot. For this
reason the reactance of the elements also increases in going from the top to
the bottom of the slot, and since the current in the elements will divide be-
tween them inversely as their impedances, more current will be carried by
the upper elements than by the lower ones. This condition thus leads to addi-
tional losses in the upper strands and the ratio of the total losses in the slot

to the conventional IZR loss is defined as the eddy factor.

The formula for the losses in a thin sheet of material, neglecting end effects
and circulating currents between strands, is given by Puchstein and Lloyd as

3 "zhs tfz(Bm)z
Watts/in" = 16
6,10
where p= resistivity in ohm-inches
Bm = maximum value of sine wave density in lines/sq. in.
f = frequency in cycles/sec.
h,, = height of uninsulated strand (Figure 5)



3. 19NI 3.19Y2’nslc
Since B = T&Eh—; B = ——_B;_—_; where ng = conductors per slot and

Ic = amperes per conductor. Bm being a straight line function will give a

density at the middle of conductor 1 of (Figure 5).

s 2 "2 s
B =B =B —_— B _— +--go---
ml~ “m\ ng m \ 8 mng \ B_ D S Y 9
\ —
At the middle of conductor 2 3
3 ]
n_-1.5 n_ 1 3
Bm2=BmKSn )"\"Bm Ki- )
s s [ 6 1
71
And at the middle of the nth conductor
from the top
b
ns_(n-%) ng _(2n2- 1) °
B = Bn ng =Bn ng Figure 5

=B
m ns

Thus for the nth conductor

2n -1
s 3.19V2 I.n, |ng -( 5 )
mn b s ng
2 .2 2 =2 2 2 on - 1] 2
3 7 hstf 3.19 (ﬁ) IC ns ns ‘——2—
and the AC Loss/in." = 15 X 3 =
6,10 bs S
n_ - 2n - 1 n -n
Rewriting and making the approximation = = Sn
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9. 86h‘:tf2 20.381 2n82 B - 2
WATTS/STRAND = x fast

16 2 n
6/310 bS s
where a_, = strand area and € = core length
3.35n2,1%1 %n ¢ (n_ - n)’
WATTS/STRAND = 15 2 2

/010bn

EDDY FACTOR is defined as

DC12R Loss
AC Eddy Loss _ AC Eddy Loss
E-F.-l=—5cv0ss  +1°- 17 ~DbcLoss
DC Loss per strand = 12R = 102 aﬁ.
P 3t

3.3502 81 "n *fa_ [n -n]? a,

t “c s st 3.35
Thus E.F. -1 = ( 5 =
i5, 2 2 2 i5
P10 % 1% 10
fzh n a (n —n)2
stig2 st [} >
b P | s

This equation gives the eddy factor for the nth strand from the top of the slot.
Therefore, calculating the values of EF-1 for the different positions gives:

335f2htn ait
EF- l-K(n -Znn +n)whereK—
1015b2§ 2

I
AC Eddy Loss + DCIzR Loss
|
|
\



K (64 - 16 + 1) = 49K for the first strand
K (64 - 32 + 4) = 36K for the second strand
K (64 - 48 + 9) = 25K for the third strand
K (64 - 64 + 16) = 16K for the fourth strand
K (64 - 80 + 25) = 9K for the fifth strand
K (64 - 96 + 36) = 4K for the sixth strand

0

= K (64 - 112 + 49) = 1K for the seventh strand
= K (64 - 128 + 64) = O for the eighth strand

Plotting these values of EF-1 vs. strands in depth gives:

50
40,
30,
20}
104

¥

0 1 2 3 4 5 6
STRANDS IN DEPTH

~31
o)

Integrating this curve and dividing by the base will give the average EF-1 of
the slot
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2 22 3 3
_3.35|" Poys 2gt| 1 <ns_2“s s >
08| 527 |30 T
S S
22 22

1
3

M e |

3.35 f hstns ast)
1015 \ bsz,/o

po— ——y

fzh2 n 2a2

For the general case EF-1 = K E- 35 < st s/o st)J
10 b 2
s

Thus it can be seen that the average eddy factor for the slot is 1/3 of the
maximum, and in a similar manner it can be shown that the constant K in the

general case will be equal to the following values for other parts of the slot.

EF-1 K
Top strand 1.00
Top 1/2 of slot .584
Bottom 1/2 of slot . 0833
Bottom strand . 000
Average over slot .333

The above derivation will give the eddy factor when each conductor in the slot
consists of a single strand, but sometimes this type of coil will result in eddy
currents of large value. If the eddy factor is large it can be reduced most ef -
fectively by laminating the conductor into several strands per conductor.
When this is done, however, it will cause circulating currents to flow through
the strands due to the differences in flux density in the various depths of the

slot.

Consider Figure 6 which represents the slots containing a two conductor coil
with two strands in parallel for each conductor. Any flux which links one
strand and not the other will generate a net EMF around the loop of the strands

which are shorted at the ends of the coil. This will cause a circulating current
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to flow. The density between any two strands of a conductor will be

2n_-n
S .
Bm<—ﬁ;——) where n is the number of strands from the top of the slot.

In the usual diamond type of coil the A strand is always above the B strand in

one slot and always below the B strand in the other. Since the strand which is

- PR PR N TN ) T "N o~ o A ooo21 -~
ty than the one in the bottom, A will have a

on top will be in a higher flux densi
higher induced voltage in it in one slot and a lower one in the other slot. These
two effects tend to cancel each other so that the total flux tending to circulate a
current is the difference between the sum of the fluxes in each slot, and the

total flux causing circulation will be

[2 B between A and B] X [area between the £ of the strands:l

B
= =
m ng | Bj |
2n +1-n
B s ]
R = —
‘*‘ > =
B -4 -
m2ns
1
Pz — | -

Figure 6

Assume that the density found between conductors will remain constant over
the upper strand. Then the flux tending to circulate current in the coil when it
is in the top of the slot will be

211"3+1-nS 2ns+3-—ns
Bm 2n * 2
\

S S



~1
1

and the flux when the coil is in the bottom of the slot equals

1 3
B (74— + 54—
m<2ns 2ns>

Thus Z Bm between A and B is

/2ns+1-ns 2n_+ 3 -n_\ ,

- / Q
b » L J
Bm \ 2ns + 2ns ) - K2nS + 2nS

N’

3 .1 3.5 (1,1
*3m "% "an | T Pm\2%3
s S s

il
W
D] =t

L1
2n_
s

B
™

It is to be noted that the factor 1/2 appears ns/ 2 times, and this will be true
for all cases of two strands per conductor. Therefore the total flux causing

circulation will be

¢ =B s -l-xh' x{_ansh'stf
m- °m 2 X*3% %t - 4
3.1972 1.n
Since B = ¢cs
m b
s
3.1972 1 n’h_ 7/
¢ = ) c's st
m 4b

s
4. 44f¢mN
The formula for voltage generated is ERMS = —TOB— where N is the num-
ber of turns. Since the ¢m just derived is the total flux causing circulation in
a single coil the N in the voltage formula becomes unity because the coil as a
unit has been under consideration. Substituting (Z)M in the voltage formula

gives the voltage tending to circulate current and

2 '
— 3.1972
Y2 f Icnshst 31972

E =
RMS 108 4bs
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The resistance of the loop will be the sum of the strand resistances in series

because all of the strands contribute resistance to the circulating

(2€t) (Nst/ 2)

a

24,1

ast

_p¥._
Rloop =Pa=P

-p

st

where N st = number of strands per slot = 2nS

current and

t
The total eddy current loss due to circulating currents will thus be
2 [3. 197 nn’
.19 ﬂcnshst'e ag,
Eddy Current Loss = " = 3 7
2b, 10 25€Ps
3.1927T2f21 2n 3h'2 'za
_ c s st st
- 2 16
8 tbs 10
2,22 2 3.'2. .2
EF-1 = AC Eddy Loss _ 3.19°7°f Ic g hste 3st x 1
- DC Loss 8¢ b 2 1016 1 ER
ts P c ¢
2n n
_ . _ st _ stt
whe\re Rc = conductor resistance = /0 e P?i_
st st
2,22 3 '2 2,'2
3.19°7% Dg hsteast 2ast 3.1921T2 f2ns hst 2 2
EF-1= 800 201018 pln  ax101® |p.2p% 2| € st
t's JO ts t P S
since ac = 2ast
2 2,'2 2
100.4 |Tnghgdc | 2
EF-1 = %>z |t
4x10
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Multiply by _;t_ and
3h

2 22 2 -22'2

EF-1 = 3.35 x 3 f ng hg?e At
ST I8l L2 2 || 2
10 | P b A

The above derivation has been based upon a conducior with iwo strands in
depth and the 3/16 component of the resultant equation is for this case only.

By Kirchoff's laws it can be shown that for the general case this part is equal

2
N, -1
st . .
to —6 where NSt is the numbgr of strands per conductor in depth.

For example, with the two strands per conductor case the loss per strand will
be:

E
I =3g

" TR 9 2
E 1 Total loss =1 R=—-2-E4x2R.-._E_:_
1 4R

(V]

2

2
Loss per strand = % ~and by the
2
Nst -1

6 formula the loss is multiplied by the

3
factor 16

[——'\N\N— With three strands per conductor

o E+LR-I,R =0 and E = LR-IR
IE ;{2 E+LR+ (I +I)R = 0

I; + Ig and LR -I;R + LR+ R+ I,R = 0




from which 12 =0

Total loss = IIZR +0+ 112R = 2112R

[ ]
L!l:
[\

. 2
Toml IIOSS = i{—z-

2
A . _2E
qus per strand = IR

Comparing the loss per strand for the two strand and three strand cases gives

2
3 strand loss _ 2E 4R _ 8
Ratio of 9 strand loss ~ 3R Eﬁ =3
g N1
and similarly, by the expression —6 the ratio between the cases is 8/3.

By similar comﬁarison with any number of strands in depth the designated re-
lationship can be proven and therefore the circulating current component of
the eddy loss is

: 2
EF-1 = 3.35 6 fnsachst
1015 16 / P bs

The total eddy factor is the sum of the eddy loss and the circulating current
components.
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2

2 '
Nst -1 ehst 3.35 fhstacns

EF-1=1+| K +
) lei) |\10®) | 757

DEMAGNETIZING AMPERE TURNS AND DEMAGNETIZING FACTOR

When a generator is loaded an MMF is produced by the stator current which
modifies the flux that the field current is producing.

o

DPart of the flux produced

n
{ procu
a

by this stator current combines with the flux due to the field winding

nd gives
a resultant flux which links both the stator and field windings. This component
of the stator current MMF is known as armature reaction and only this part is

under discussion in this section.

The field winding of a round rotor generator is always distributed and pro-
duces an MMF that is nearly sinusoidal in its space distribution. Likewise,

a distributed stator winding also produces an approximate sine wave of MMF,
the wave more nearly becoming sinusoidal as the number of slots and phases
increases. If the harmonics in both MMF waves are neglected the two waves
will always add to give a resultant wave which has a sinusoidal space distribu-
tion. This follows from the fact that any two space sinusoidal waves of the
same wave length always add to give a resultant wave which is a sinusoid and

is of the same wave length as the components.

Since the air gap of a round rotor machine is uniform, except for the effects
of slots, the shape of the resultant MMF wave is independent of the direction
of the armature reaction with respect to the field axis. Therefore, the arma-
ture reaction produces little field distortion. It affects only the resultant field
strength and displaces the axis of the resultant field from the axis of the field

poles.

The demagnetizing ampere turns are defined as the field ampere turns neces-
sary to balance out the MMF of the stator winding. It is therefore necessary
to calculate the fundamental of the stator MMF and convert this value to terms
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of field MMF. To calculate the fundamental of the stator MMF first consider
a single phase, two pole generator with a concentrated stator winding. The
MMF of the stator winding under
this condition is constant in its

space distribution over the coil o~
area and can be represented by / \

a rectangular wave. The ampli-
tude of the fundamental of the
Fourier series which represents /
a rectangular wave is 4/7 times N—"

the amplitude of the rectangular

wave.

Both the rectangular wave and the fundamental vary sinusoidally in magnitude
with time but they are stationary in space with respect to the stator coil. The
fundamental of the wave can be represented by an oscillating vector which
lies along the axis of the coil and which has a maximum length equal to the

maximum value of the fundamental.

Let the oscillating vector be replaced by two equal and oppositely rotating
component vectors. These two oppositely rotating vectors represent oppositely
rotating MMF waves, each of which has a constant amplitude equal to one-hal{
the amplitude of the original MMF wave. Both of the vectors revolve at syn-
chronous speed with respect to the stator, with one vector stationary with
respect to the field poles, and the other at double speed with respect to the

poles.

The amplitude of the rotating components will thus be

1 4 "M%

F =y =
DMph 27T 2P

ampere turns per pole/phase

where 1., = max. current, and ne_, = total eff. conductors/phase

M ph



Since IM = 2 Iph conductors

(turns = ———2——)

ne .45 ne_, Iph K

4 “Tph _ ph d
7 o V2 Iph K, = -

In a polyphase generator under balanced load it is found that the forward ro-

tating parts of the space fundamental mmf of armature reaction add directly,
while the backward rotating parts of the fundamental cancel one another. T

=33 = e eat ——a - -~ AL Lo 2 A . J.h\.'

net fundamental mmf of armature reaction is thus a purely rotating wave whose

amplitude is 3 FDM . Thus for polyphase machines
ph

- 45n eIthCl

oM =
The amplitude of the resultant fundamental sinusoidal component of the MMF

produced by the distributed field winding is

Ff = 7 NfIdeprf ampere turns per pole

where de and K of are the pitch and distribution factors of the field winding.
Since the field has a spiral winding the axes of all field coils for any given
pole coincide, and in this case the distribution factor is unity.

Thus

4
7 N,.I Kpf avg.

Fe = 7 NI

]

where K of avg = the average pitch factor for the field coils.

The same result is obtained if the field winding is assumed to be replaced by
a full pitch distributed lap winding with Q/p slots in a belt of conductors.
In this case
4
Fr =77 N Ky

Therefore, to obtain the value of demagnetizing ampere turns due to armature
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reaction, in terms of field ampere turns, it is necessary to multiply FDM by
the factor Rﬁ—/— , and this factor is known as CM’ the demagnetizing factor.
df
Thus
. _ .45 n, CMIPth
DM ~ P

The factor C,, can either be obtained by (1) calculating the average field pitch

vl
factor, or (2) the field distribution factor, or (3) by using the formula (from

Kilgore's paper)

To illustrate the calculation of

CM by the various methods con-

——+105°‘1

sider the following example:

Number of rotor slots = 48;

B S
i
\\\ |

Number of slots wound = 40;

1350
Poles = 4 o
fe—————165~ ———
2 g33
(3) cM=%x : = 1. 061
sin 75
sin noc
(2) K i = 2 (where o, = angle between slots
n sinms

-

sm-(10x12§) .966

N _ _ T -
Kyt =% = 1305’ Cm=dx.7d0 - 1-061
10sin 7.5
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(1) Coil Spreads Pitch Factor

45° sin (1/2 x 45°) = .383

75° sin (1/2 x 75°) = .609

105° sin (1/2 x 105°) = .794

135° sin (1/2 x 135%) = .924

165° sin (1/2 x 165%) = .991
3.701

3.701
Average Kpf = —5— = . 7402

m _
Cym = x40z = 1061

The effect on the field of a given number of ampere turns of armature reaction
for any fixed load and power factor depends upon the ratio of the ampere turns
of armature reaction to the no load field ampere turns. To reduce the effect
of armature reaction this ratio must be decreased. This may be accomplished
by increasing the radial length of the air gap or by increasing the saturation

of the magnetic circuit. Neither of the changes affects the armature ampere
turns for a given load but both decrease the permeance of the magnetic circuit
and make an increase in the field ampere turns necessary in order to maintain
the same flux. The higher the degree of saturation the less is the effect of a
given number of ampere turns of armature reaction, but high saturation in the
field circuit increases the field pole leakage. Increasing the length of the air
gap has a similar effect so far as armature reaction is concerned, but it does
not increase the field leakage to so great an extent as does increasing the degree

of saturation of the magnetic circuit.

For unbalanced load conditions it is important to note that the armature re-
action is neither fixed in magnitude nor in direction with respect to the poles.
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LEAKAGE REACTANCE

In addition to the demagnetizing action of armature reaction there also exists
a voltage drop due to the leakage fluxes. The lines of leakage flux go partly
across the slot from one wall to the other (slot leakage), partly from tooth top
to tooth top, (tooth tip), partly from phase belt to phase belt (zig zag), and
partly in the end windings (end leakage). Each of the leakage fluxes is directly
proportional to the current which produces it because its reluctance is princi-
pally in air.

Consider first the slot leakage flux. This flux includes all the flux which links
the portion of the conductors that are embedded in the iron, but which does
not enter the air gap. Assume an integral slot, full pitched winding, and as-
sume that the flux passes directly across the slot. The effect of the notches
at the wedge will be neglected and the current density in the conductors will
be assumed constant. Also, for simplification, the distance between the top
and bottom coil will be assumed negligible.

—bg —* |
The flux produced by the element in the ] hg
bottom of the slot will surround this ele- T F
ment. It passes across the slot above 1 T_" 2
the element and returns in the iron be- _L 1 hy
low it. The flux will thus encircle part X ;////////////////]/////Z _l V
of the coil plus all of the slot above the f 2 s iy ;g;;x T
coil. For the part above the coil the flux %
will proportion itself equally over the 3. 19n2a

. - . S
distance h1 /2t h2, and since the inductance L equals _4_'?0—8— the L per slot

per inch of core length for this part is:

2
i 3. 19n‘S (h1/2 + h2)

4p 10°
S

L

For the inductance of the part of the coil itself consider the element dx enclosing
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part of the conductor. The L per slot per inch of core length for this part will

2 n b
3.19 . X s s
be equal to ——8— }: and since Nx = H-IE -5 and Rx = & then
1/2 2 2 2,3 2
L-3‘19 ndx _319nh1/2_3 19n h1/2
" Tof 2 o 1052 a3 ap 108 3
/o 1/2 s YV My/a*g¥ gt
and the total inductance of the bottom coil side is
3. 19n° h 3.19n° /h h
LB s v h s 1/2 _ : s 1/2 N 2
4b 10 1/2 2 3 108 3bs 4bs

In the same manner the inductance of the top coil side will be that due to its
own current plus that due to the flux in the part h2 above the coil and thus:

2 2
LT ) 3.1911s h1/2 on) - 3.19nS h1/2 . h2
4b5108 -3 2 108 12bs 4b S

Since a full pitched winding has been assumed, the currents of both coil sides
will be in phase in all slots and the mutual inductance in the top coil due to
the current in the bottom coil will be equal to that in the bottom coil due to

the current in the top. Thus L., in the top coil due to i in the bottom coil will

M
be
3. 1907
LM = W E current in the top coil enclosed by the flux from

the bottomge.
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At the distance x the current enclosed is

3. 19n° 1/2 3.19n° [h
X\ dx and L, = s X dx = s (1/2
Z M o 105 . & \®,,
1/2 4b 10°h 10 ]
s 1/2 A
For the portion above the slot f hy
i - JLULLL L L .I}I-/;I./—‘ _'rl;— /2
D) X 1,
3. 19n“ h . - | + N — X
L. = s 2 Ry ,
M 8 4b LITITERNERIIIIIRII ///A
10 s o b ax

as in the previous cases.

Therefore, since total inductance is LT LB ZLM the total inductance

per slot per inch of core length is

2 2
3. 19ns h1/2 h2 h1/2 h2 2h1/2 2h2 3. 19ns 2h1/2 112
3b_ b

T2'b'+4bs+ 3bs+4bs+“8‘bs +4108: 8

10 s

Since the portion of the slot between the coils has been neglected it can now be
included by making h1 /2 in the above derivation equal to

by
- and the formula for L will then be:

2

Lo 3.19ns (hl , £1—2—>
108 3bs bs

The tooth tip and zigzag leakage components have been derived by Kilgore with
flux plotting methods and these have been determined to be

bfzs 3.19 .35-tn§3. 19
and
16t sglo3 tslog



Adding these to the slot leakage portion gives

L =

8

2 2
3. 190 < hy h b .35bt)
10

The above derivation has been based upon a full pitched integral slot winding.

« T
When the winding is

machines, the currents in the two coil sides in a certain number of slots will
be out of phase and the coefficient of self inductance will be smaller than for
the full pitch case. For the slots in which both the bottom and top layer belong
to the same phase the conditions are the same as for full pitch. Both coil
sides carry currents of the same phase and tie phase angle between the cur-
rents is zero. In the slots in which the bottom layer and top layer belong to
different phases, the phase angle /B between the currents is not zero and the
mutual inductance between the two layers will be reduced. The reduction fac-
tor is equal to cos B.

Two reduction factors have to be used: Kxco “»r ' e slot part in which the

conductors lie, and K_, for the part above the conductors. Thus L becomes

xt
.2
(hz) o'y ) 35bt

— |+ +
bs 16tsg t

3.19n§ h,
L= 108 Ksco §b_s + Kqt

]

The factors lg(c o and K - will vary according to the percent pitch and when
they are derived they are found to be independent of the number of slots per
phase per pole. Hence, since they depend solely upon the percent pitch, they
have been combined into a single factor Kx which is reasonably accurate for
most machines. It is determined as follows:

K, = %(iy_ + 1) for three phase machines

for two phase machines

e
.nl“‘




Therefore the leakage inductance per slot finally becomes

3. 19n° h, h b2 .35
L= ——8—8 K 2 + 1 + t + t
10 X bs 3bS lﬁtsg t s
and the per unit reactance per phase will be
. Q¢ Iph
X, = 27L m Eph where
ATd
Iph =
QKan
1 TdRPM -8 Q

(see total flux derivation)

2

S
X =
s 8
m 120 10 QKpnsn sCB g-ZTdRPMQKpKd

2TPRPM 3. 19n

8
KXQAﬁdV'z 60 10°m¢ (hz h, b '35bt>fz

— + + +
bs 3bS 16tsg tS

Substituting Q = pmgq

2
< - 20pAmK_ <12+ h, . b . .35bt> E‘i
s 2 b, " 3b 16t _g t
m qulz)ClBngYé s s s s K
Kx AKd
LetC_ = and since X = ——=——
X v5 C.B
l—cf);ﬁ— 2 "17g

i
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Many attempts have been made to determine accurate formulas for the end
winding leakage reactance, but the one that appears to be most promising for
small machines is the one proposed by E. C. Barnes in AIEE Volume 70-1951.
Expressed in per cent notation this formula will be:

n v, L1
%Xv=6.28f(—s) 21(2 pum, - EEllph ¢ 1076

n
Vv

-2

oL
where gnE is proportional to the pole pitch and is taken from Graph No. 1

and KE is proportional to the ratio of the calculated L., to the LE of Graph

E
No. 1.
calculated LE
KE L from Graph #1 (for d below 8'" diameter)
calculated LE
and KE = LE from Graph #1 (for d above 8' diameter)
C.B é7fd RPMQK K
Since Iph = ‘gé‘zd and Eph = ’s”1 8
p s V'z C60M10
n\* 5 Pele| V2 |caTa V3 60 10%me
% X =6.28f(——> qQ'K pm|—F—= ol
E C p 2n KE 5 QKan nSC1Bg.e7l'd RPM QKpK q 10°
Kd pRPM 100AK d Q
Multiplying by ff; and substituting f = %60’ X = "VE—CTE; ;4 = pm
gives %X —X————6—6—6 20pREM T_me QEL K 2 x 60m
m Q¢RPM EA

Q.L
6.28 E'E

d
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REACTANCE OF ARMATURE REACTION

Since the shape of the resultant MMF wave is independent of the direction of
armature reaction the effect produced by the MMF's of the field and stator
windings can be found by treating the two forces as if they each acted alone,
and thus the forces may be replaced by the voltages they would cause if acting
separately. I this substitution is made the voltage due to armature reaction
may be considered as being a voltage drop due to a fictituous reactance X @
and this is called the reactance of armature reaction. It is not an actual re-
actance but under steady operating conditions may be considered as such in
order to simplify the methods of calculation. It is in phase with the voltage

drop due to leakage reactance IphXe, and the sum of these two reactances is
the synchronous reactance X d:
If the effect of saturation is neglected the saturation curve becomes a straight
line, and then any change in flux with its corresponding change in voltage,
produced by any change in MMF is proportional to the change in MMF. Thus,
if an unsaturated condition is assumed, the reactance of armature reaction in
per unit value can be seen to be the ratio of the MMF of armature reaction to
the MMF required by the field to force the flux across the air gap, or

F
_ “DM
xad =5 (percent)
g
Since F,,, = ﬁneCMlthd and F_ = Dg &e
DM Tp g 3.19
- Y2 neCMIthd 3.19 ] Y2 Cy _ 6.38 nechthdc1
ad TpB gge 13 C1 V3 TvB ggeC1
ATd _ AT ( RN Td
Ih= K= from A _p_t__g a“n_dts=—Q-
ph - QnK, n, \ s )



AK

N = 6i>38d and X = d
a ge ﬁCIB
g
% - 6.38dA17’neCMClKd _ X\ C.C
ad Y2n TPg B C a"M"1
e egl

ROTOR SLOT FLUX

91

Consider the rotor of Figure 7, s »
and since @, is the total flux et a4
that would exist if the gap den- | — ' :
sity were uniform and equal to : : : |
the maximum density, the por- | | | |
tion of the total flux leaving | : ! :
each pole center will be - L
FIGURE 7
1
Qr - Q + P x ¢T _ ¢
Q P ~ Tgp
r
- < br -1

Consider the slot in Figure 8 and —
assume that the flux density will hr2 <
vary directly with the depth of the ? E

. . hri
slot, be a maximum at the bot-

8 —
tom of the bottom conductor. The —]
permeance of the leakage flux

- B —p

paths per inch of core length per FIGURE 8
slot will then be
Beo 1
—— for the depth h__, and 5 —— for the depth h_,. Including Kilgore's fac-
br r2 2 br rl

tors for tooth tip and zigzag leakage gives
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hr2 hrl ) 35btr g

per slot = + + +
AT br 2br trs 2trs

3.19

Since there are two leakage paths per pole, with one half of the slots per pole
in each path, the total permeance per pole is two times the permeance of one
of the paths. Permeances in series are added the same as resistances in par-

allel and thus

aih = 1 _ 1 _ 2p)\r/slot
A PEF pPATL = 7 1 =T Q R )
+ + ——— § _r I
Ar/slot  Ar/slot P/r/slot

and the total leakage permeance is

_2x2p % 3.19 lihr2 hr1 '35btr g

Ars Qr +

bt T T3t
r r s rs

The MMF acting across the leakage paths is the sum of the gap and stator am-
pere turns and the slot leakage flux per pole becomes

¢€s = I:Fg M Fs‘:l Mrstr

and the total flux per pole is then (¢gp +0 Y S)

DERIVATION OF FLUX DISTRIBUTION CONSTANT C §

C f is the ratio of the interlinkages with the field to that which would be pro-
duced with a uniform gap and a concentrated field winding.

C. = Rotor interlinkages with its own flux
f - Max. interlinkages of a concentrated field winding




Cf BASED ON A ROTOR WITH SOLID CENTER SECTION

Assume that the field current is one ampere and then for a concentrated field
winding the flux will be

@ = (MMF) (A;:;) - 3,198, TFC

and the maximum number of flux linkages at the unslotted pole center are

3. 191;T(I~12f

Concentrated ¢Nf = K¢

In the solid pole center portion of the machine the flux will be equal to

3.197rd{N f

0= —gg— -

and the flux linkages will total

3. 19mr N>

f
¢Nf = ng (1 - m)

For the slotted portion of the rotor refer to the derivation of the constant C1
Ne /0 20

and note that the ampere turns acting = = -/ - Thus at an element

where 6 = d0 the flux will be

4o - 3.10cfae Np o 20,
- KKg @ T

and the sum of the flux linkages for a complete pole pitch will then be
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2
3. 19rlde| N5 20
zf, )
(1-ac) /2

2

]
N

= fz '\l—ﬁ—“--ﬁ——\ldg
KsKrgcc
(1-cc) /2
2
6.38r{N 2 2 2
_ f [ 2 4(1r T )
PN —— [T -0 g (T - (1)
S rg
3 3 3
4 <1r il )
+ - 1-c
a2 \ 8 8{ }
2
6.38r{N
Z¢Nf=____fE g(1-1+oc)-i—%2(1-1+2oc-oc2)
KK ga
S r
a o 2 3
+;1‘7 -8—-(1-1+3(I:-3m +QOC
2
6.38r{N
Z:¢Nf=—————§ %ETL;c. (2-cx:)+1lé—n- (3-3oc+m2]
KK ga
S r
2
6.38r{N
_ f {7 Tac 2
Z¢Nf— 5 [2 (l—2+a:)+—6— (3-3(1:+(I:E]

KsKrg a

b
oy
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6.38r{N
Z¢N= f |T (-3+3m+3-3(1:+a:2)
f K K mz 6
s b
6. 38r{N* 3. 19nréN>
¢N _ f 2. f o
20N KK egx 6 EK_ 3K
The total flux linkages for the solid and slotted portions is thus
3. 197 [N“i 3. 19m~!N2f N
Total @N, = (1-a)+
f gK KS 3Kr
3. 19mrdN> ( -
- 1-m+——)
ng 3Kr

2

Ke 3.197rd/N £/ -

f 73X T Xg "Xt IR
3.197r{N p S r

Cf= l-m-’-wr

Cf BASED ON A ROTOR WITH SLOTTED CENTER SECTION

When the center is slotted instead of solid Kr is included in the effective gap

and Kr becomes unity in the C f equation.
o 2ac
Cf =1-a + 3= 1- 3
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SYNCHRONOUS REACTANCE

When a generator operates on a steady state symmetrical short circuit condi-
tion its terminal voltage is zero and its saturation is negligible. Since there
is no terminal voltage the net stator linkage must be zero, and thus the stator
linkage due to its current acting alone must be exactly equal and opposite in
direction to the stator linkage due to the field current acting alone. If the field
current were acting alone with the stator open-circuited a certain terminal
voltage would exist, and since the armature linkage has the same value as the
field linkage, the voltage which must be applied to produce the stator current
must be exactly the same as the terminal voltage induced under open circuit.
Therefore the unsaturated synchronous impedance is the ratio of the phase vol-
tage on open circuit resulting from a certain field current to the steady state
short circuit stator current resulting from the same field current. Further,
since the value of the effective resistance is usually very small in comparison
with the reactance it can be neglected, and the impedance and reactance are
then equal. Thus

_ E (open circuit)

Xq = I (short circuit)

ohms

and since the voltage drop due to the stator current is due to the fictituous re-
actance X ad and the actual reactance X €

X, = xad+xZ

TRANSIENT AND SUBTRANSIENT REACTANCES AND TIME CONSTANTS

Figure 9 shows the short circuit current in one phase of a three phase alterna-
tor that has had all three phases shorted when operating at no load. The line ef
drawn midway between the two sides of the envelope is called the direct cur-

rent component and has different magnitudes in the three

X MTha anvn
AApVAIT AL @l Al 3 8 Ts dAdfiiituwe AT Las A 12C

oy
€ pnases. 1€ enve.idpe

of the alternating component is redrawn in Figure 10 with its axis horizontal,

i.e., with the direct current component eliminated. The alternating components
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are the same in all three phases. When an alternating voltage is short cir-
cuited through an inductance and a resistance in series, the short circuit cur-
rent will consist of two components. These components are the unidirectional
or DC component which decreases logarithmically to zero, and an alternating
component which is fixed by the voltage, the resistance, and the reactance of

the circuit, and is constant when the resistance and reactance are constant.

In the short circuited generator the reactance is not constant until the condi-
tion equivalent to synchronous reactance is reached. When a sudden change
occurs in the stator current the armature reactance is no longer constant,

and under this condition voltages are induced by the changing armature reac-
tion in the field winding, and in any other closed windings on the field structure.
As the stator current builds up the voltages of the field structure will build up
simultaneously, tending to maintain constant the total number of ampere turns
acting on the magnetic circuit. These voltages cause transient currents in

these parts.

In a polyphase generator the alternating components of the short circuit stator
currents produce armature reaction which is fixed in direction with respect
to the poles but decreases from an initial value to a final value fixed by the
steady state short circuit currents. To balance this increase in armature re-
action there must be an increase in the field current. This increase in field
current is in the same direction as the initial field current since the armature
reaction caused by lagging currents is demagnetizing. The change in field

current decreases and becomes zero, when steady state conditions are reached.

The DC components in the stator currents produce a resultant MMF which is
fixed with respect to the stator but has fundamental frequency with respect to
the field. To balance this the field current must contain an alternating com-
ponent of fundamental frequency. This alternating component in the field cur-
rent produces an MMF of fundamental frequency in the air gap which is fixed
in direction with respect to the field poles. This MMF can be resolved into two

oppositely rotating components, each of which rotates at synchronous speed
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with respect to the stator. The component which rotates in the direction of the
stator balances the stator MMF caused by the DC components in the stator cur-
rents. The oppositely rotating component rotates at double synchronous speed
with respect to the stator winding and must be balanced by second harmonic
components in the transient stator currents. All except the fundamental alter-
nating components decrease to zero when steady state conditions have been
reached and the fundamental alternating components become the steady state

short circuit currents.

Consider the elementary generator shown in Figure 11. The stator winding is
open and the rotor winding is excited by a DC current of magnitude If. At the
time t = 0, when the axes of both windings are perpendicular to each other, the
stator winding is suddenly short circuited. As stated previously the total flux
interlinked with each winding under this condition will remain constant. Thus
the total flux interlinked with the field winding at t = 0 will consist of two parts;
one part going through the path of the main flux, and the other part going through
the leakage path of the rotor. The total flux interlinked with the armature at

t = 0 is zero.

During the time t the rotor moves through an angle a = wt and this produces a
current ia in the stator winding and also forces a current if to flow in the field
winding in order to sustain the field flux interlinkage. The transient currents
ia and if are determined by the angle a as well as the leakage fluxes of both
windings and they become a maximum when a = T)/2, a quarter period after the

short circuit occurred.

It can be shown that the maximum transient stator current is determined by the
equivalent circuit of Figure 12, and the reactance that corresponds to this cir-
cuit is the direct axis unsaturated transient reactance, X;u. The field reac-
tance, XF, is given in Kilgore's paper as

< _ -
H = A
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and therefore the unsaturated transient reactance becomes

X

' d
X =x£+ X (__ .;a____)
du F XF+xad

The saturated transient reactance has been determined empirically and is ap-
proximately 88% of the unsaturated value.

[ o

n the determination of the transient reactance only the field winding of the

as considered. If there is a damper winding in the poles, or if eddy
currents are possible in the rotor iron, subtransient currents similar to the
transient currents of the field winding are induced in these circuits. These
circuits will support the field winding for a few cycles and therefore they have
to be considered as acting in parallel with the field winding. The equivalent

circuit for this case is shown in Figure 13. X_ . is the leakage reactance of

Dd
the damper winding and eddy current circuits together in the direct axis, and

per Kilgore's paper
Xpa = X Apd

_ 3.19p
where XDd = —q l:g + lfd + hr2]

Jisa depth of penetration factor and varies as )/fi . It is equal to 1.2 at 60

cycles and ( ymEO) ( 1. 2) at 400 cycles. The subtransient reactance is there-
fore

"= x{
Xd-X +de

The rate of decrease of the transient and subtransient currents will be deter-
mined by the time constants of the windings involved. The damper winding
and eddy current circuits have much larger ratios of resistance to leakage
reactance than the field winding and therefore their influence will be much
shorter in duration than that of the field winding. As a matter of fact, the

damper winding and eddy current circuits influence the currents only during
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the first few cycles. The field winding determines the decrease of the ampli-
tudes for a much longer time. The change of the amplitudes during the shert
circuit period is such that the amplitudes are determined first by the subtran-
sient reactance X';i, then by the transient reactance X' , and finally by the
synchronous reactance X d:

The total self inductance of the field winding is

‘72 - N
NPe t
. _ftr l P ,

where Cf is the ratio of the interlinkages of the field with its own flux to the
maximum interlinkages that would be produced with a uniform gap and a con-

centrated field winding.

The time constant is the time in seconds required for the particular component
to decay to 36.8% of its initial value. The time constant T:io is the time con-
stant of the field winding with the armature circuit open and with negligible
external resistance and inductance in the field circuit. Therefore, the open

circuit time constant is

The armature time constant is the time constant of the DC component and is

Xy stator I°R (KW)

Ta = 2"fra where Ta ™ rated KVA

|
The transient time constant T d is the time constant of the transient reactance

component of the alternating wave and with good approximation is

o -

!
T,
u

N' al

o

'
TA=
“u

“
The subtransient time constant T d is the time constant of the subtransient
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reactance component of the alternating wave and is approximately . 005 second
"

for 400 cycle machines. (from tests of 60 cycle machines T d

X=. 035 second or
2.1 cycles).

POTIER REACTANCE

The terminal volt
voltage at the same field excitation. This difference is due to a voltage drop
through the armature caused by leakage reactance, armature effective resis-
tance, and armature reaction. The relative importance of the three factors
depends upon the power factor of the load. With a reactive load at zero power
factor the decrease in the terminal voltage is due almost entirely to the arma-
ture reaction and the armature leakage reactance. Under this condition the
effective resistance drop is in quadrature with the terminal voltage, and since
it is small in magnitude, it has little influence on the change in the terminal
voltage caused by a change in load. Likewise, the resultant field F is ai-

NL
most exactly equal to the algebraic difference between F and F and the

terminal voltage E is nearly equal to the algebraic differlgrl;ce betwl?gn E and
IphX. Under these conditions the armature reaction subtracts almost directly
from the impressed field and the armature leakage reactance drop subtracts
almost directly from the generated voltage. It follows from this that if an open
circuit characteristic OB, and a curve CD are plotted as in Figure 14, show-
ing the variation in the terminal voltage with excitation for the condition of
constant stator current at a reactive power factor of zero, the two curves are
so related that any two points, as E and F, which correspond to the same de-
gree of saturation and consequently to the same generated voltage, are dis-
placed from each other horizontally by an amount equal to the armature reac-

tion and vertically by an amount equal to the leakage reactance drop.

GF represents the armature reaction in equivalent field amperes and GE repre-

cnmdo 4 Vmrntrommm svmmmbonmmn Ao T s 1¢
Senis ui€ ieakage reactance arop in vo

P Adsrren Tnnlenen vanndnsemnn mnce
ts. The armature leakage reactance per

phase for a Y connected generator is thus X = EG/ 73 1 and this reactance is
called the Potier reactance. The triangle EJF is known as the Potier Triangle.
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If the leakage reactance is constant and the increase in field current necessary

to balance a given number of ampere turns of armature reaction is independ-
ent of the saturation of the magnetic circuit, Potier triangles drawn between
the open cireait saturation curve and the zero power factor curve at points
corresponding to different degrees of saturation would be identical. Under

these conditions the zero power factor curve would have the same shape as
the open circuit saturation curve but would be displaced from the open circuit
curve by a distance equal to the length of the hypotenuse of the Potier triangle.
Actually, the field pole leakage increases somewhat with an increase in satu-
ration, and for this reason the number of field ampere turns which are neces-
sary to balance a fixed number of ampere turns of armature reaction is not
quite constant. In spite of this change in field pole leakage, the curves have
nearly enough the same shape for practical purposes and are assumed to have

the same shape when determining generator performance.

In order to make use of the Potier method to construct a zero power factor
curve it is necessary to locate two points on the Potier triangle. Figure 14
shows how the method is applied. A triangle OCL is constructed with OC equal
to the amperes corresponding to short circuit ampere turns (FSc =X d Fg).
The altitude LT is made equal to prl where Potier's reactance is calculated
by a partly empirical method and

F + F
TR CR
Xp = x{ol = X
FTR + FCR + FT + FC:l FS

As the point L of the triangle is moved along the no load saturation curve,
point C traces the zero power factor saturation curve.
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VECTOR DIAGRAM OF A ROUND ROTOR GENERATOR

All currents and all voltages on the vector diagrams of generators must be per
phase. The MMF of armature reaction must always be for all phases because
the reactions of all phases combine to modify the resultant field and affect the
voltages of all phases alike. All MMFs are expressed in ampere turns per
pole.

VECTOR DIAGRAM OF A ROUND ROTOR GENERATOR

Referring to the figure, Iph T is the effective resistance drop and Iph X ( is
the leakage reactance drop. Adding these drops vectorially to Eph gives Eg,
which is the voltage rise generated by the air gap flux ¢g. This is the flux
which is produced by the combined action of the impressed field and the arma-
ture reaction and is called the resultant field. It must lead the voltage rise E
in the armature by 90° in time. To illustrate this, assume that the two activeg
sides of a coil are 180 electrical degrees apart. Under this condition, when
the coil is directly over a pole and contains a maximum flux its two active
sides are midway between the poles and are in zero fields. They are cutting
no flux and the voltages induced in them are zero. When the coil has moved
forward 90 electrical degrees the flux through it becomes zero but the induc-
tors are now directly under the centers of opposite poles and are in the strong-
est part of the field. The voltages induced in the two coil sides have maximum
values and thus the voltage in the coil is in quadrature with respect to the flux
through it.

Let FNL be the resultant MMF required to produce the flux ¢g' If it were not

for armature reaction FNL would be the MMF of the impressed field. The

armature reaction is in phase with the current and is shown by F on the

DM
diagram. On account of the armature reaction the impressed field must have
a component -F

field MMF, F

to balance it. Adding FNL and -F vectorially gives the

DM DM

FL’ which is required to produce the terminal voltage Eph. This
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assumes that the coefficient of field leakage is unaffected by a change in load.
It also assumes that the air gap is uniform. The effect of the change in the
leakage coefficient can be taken into account by making use of an open circuit
saturation curve which has been corrected for field leakage. The open circuit

]

NL
on the open circuit characteristic. It lags F

voltage when the load is removed is the voltage E
citation F

corresponding to the ex-

by 90 degrees.

FL FL

CARTER'S COEFFICIENTS

Carter's coefficients are factors that take into account the increase in the re-
luctance of the magnetic circuit due to the presence of slots, air gaps, etc.
For convenience in calculating these coefficients it is assumed that there is no
saturation in the teeth and the teeth are considered as having parallel sides.
Also, the path of the flux is assumed to follow a straight line across the length
of the gap g, and then to curve at a radius r into the side of the tooth. Under
these conditions the permeance of the gap per inch of core length will be made
up of two parts; (a) the permeance P, = bt /g between the pole face and the top
of the tooth and (b) the permeance 2P2 where P2 is the permeance between the
pole face and one side of the tooth. The permeance of any small section drs is

dr 2dr 5 dr
"dpz=—1$—=z_"—$2 ns"yr=?r"2 >
- rs g+7rr ar _g
g+2 Sfr 1T+rs
bs/2 dr
P, = 2 °
2T 2, .
o 77‘+s
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b
P. = 2 10g (1.78)
2 e\  4dg )

The average permeance over the slot pitch is therefore

4 7'rbs bi
p =E)—§(2P)+E)1(P)=b5[—ﬁ g, (1 + )]+ 5
avg ts 2 ts 1 t

s

and the reciprocal of this quantity is the reluctance which corresponds to that
of the equivalent gap. This reluctance compared to that of a smooth surface is
the Carter coefficient.

Since the flux does not behave exactly as given in the above derivation it has
become necessary to obtain the equivalent gap by empirical means. When this
has been done the various Carter's coefficients have been determined as indi-

cated in the following:
(a) OPEN SLOTS

ts (5¢g + bs)

K=
tg Bg+ bs) - bz_

(b) PARTIALLY CLOSED SLOTS

tg (4.44g + 0.75b )

K = -
t, (.44 + 0.750 ) _ b:‘;
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THE EFFECT OF VARYING THE POLE EMBﬁ.ACE IN
ELECTROMAGNETIC GENERATORS

Salient-pole, wound-pole, synchronous generators have for many years been
made with pole embraces of 70% to 75%. The 70% (approx.) pole embrace is
a compromise since the amount of field winding that can be supported on a pole
of a wound-pole generator depends in part on the pole head overhang and thus
on the pole embrace. Too great a pole embrace resalis in excessive flux leak-
age and too small a pole embrace would not allow enough field winding so the
best pole embrace is in most cases 70-75%. That value has come to be regard-

ed as the best to use for synchronous salient-pole machines in general.

None of the brushless, rectifierless generators have field windings on their
poles and the best pole embrace for these machines to use can be determined
by the efficiency of the magnetic circuit. The best pole embrace should result

in the maximum output per pound of machine weight.

The length of the rotor and stator of most brushless, rectifierless generators
is limited by the flux that can be carried through the rotor. In all Lundell gen-
erators and in the axial-gap homopolar inductor, the flux is carried axially
through a shaft section. The limiting feature of the design of any of these ma-
chines is the amount of flux that can be carried through these shaft sections.
As a result, the maximum rating that can be built for any specified stator bore
diameter depends upon the efficiency with which the machine utilizes its rotor
flux.

In all the variations of the Lundell type generators and homopolar inductors,
the easiest and most practical pole shape to use is concentric with the stator
bore. For this reason, the concentric pole has been used to study the effect
of varying the pole embrace. Curves of C1 and C p versus pole embrace can
be taken from David Ginsberg '"Design Calculations for A-C Generators' -
Trans. AIEE, Vol. 69, pp 1274-80, 1950. The curves of C1 and Cp can also
be obtained by integrating a square wave over the pole embrace. Cp is the
average over the pole pitch and is identical in value to the pole embrace. C1
values are derived later in this article.
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Summary

A study of pole embrace variation for concentric poles in synchronous gener-

ators shows that:

1. Narrow poles make most efficient use of pole flux in conventional
wound-pole, salient-pole machines, and in all Lundell type ma-
chines.

2. Best pole width for homopolar inductor generators varies with the
level of interpolar leakage. For high values of interpolar leakage,
wider poles should be used. Narrow poles are best for low leakage

inductors.
3. In most machines, a pole embrace of about 50% should give good
utilization of pole flux.
Discussion

The voltage generated in any electromagnetic generator can be expressed by
the equation:

. _ ¢TRPMCWNe
LL 60 x 10°
Where:
Cw = The Winding Constant
I R P W
Eph m 'V—2—

m = No. of Phases
Ne = No. of Effective Conductors in Machine
K, = Distribution Constant

¢T = Bg Ag = Gap Density over pole head x area of the air gap

This equation can be shown to be equivalent to any other voltage equation used

in machine design.
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If C1 is inserted directly into the voltage equation:

E ;= O [:fn ©C 1ﬂ for any given machine at a fixed RPM

The flux in the pole of ageperator is:

[}
T
= — X C
¢p b P
Where:
P = No. of Poles
C = Pole Constant = Average Field Form

P Max. of Field Form

i ELL and RPM are constant and all machine parameters are fixed except the
pole embrace, Cl’ Cp and ¢p will vary with changes in pole head width.

In the following tables, ¢p is tabulated for various pole embraces and various
levels of interpolar flux leakage.

Case I is the case for salient pole generators such as the conventional syn-

chronous generator and Lundell generators.

Case II is a study of homopolar inductors with various levels of interpolar flux

leakage.
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X
Y

N
1]
[y
(=

Vary/{ from 1.0to0 0.3

Case I -- No Interpolar Flux Leakage -- This is the Case for a Conventional

Synchronous Generator and for Lundell-Type Generators
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"The Fundamental of the Field Form". It is the ratio:

Maximum Fundamental Flux
Actual Maximum Value of the Field Form

N ,"-
2 V4
-ﬁ/ YNCosa( // I\
o ,l L l

/% 0

ﬂ
po|
L
R
1
09|

7‘;- / (1) Cos& = % - 1.27 for 100% Pole Emb.
(o]
. / _72_7'(.5) .
4 [ 7 (cosec =7 707 .90 for 50% Pole Emb.
o]
L C1 (No Leakage)
1.0 e, 1.27
0 e, 1.26
B e 1.21
T e 1.14
B e 1.03
B e .90
B oo, 75
3 s .58

"The Pole Constant". It is the ratio of the average to the maximum of
the field form.

For a uniform gap, the field form is a square wave and the pole constant
is equal to the pole embrace.



Pole Embrace 1
1.0 1.27
.9 1.26
.8 1.21
T -1.14
.6 1.03
.5 .90
.4 .75
.3 .58

CASE 1

Per Unit
Total Flux
To Generate
1.0 P.U. Volts

114

Per Unit
Pole Flux

1.0
1.01
1. 045
1.11
1.23
1.41
1.70
2.19

.909
. 835
L1
.738
.705
.68

. 658

w s O -3 0 0 o IT

This case represents the wound-pole synchronous generator, and the Lundell-

Type generators, both axial-gap and radial-gap.
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MAIN POLE FLUX
INTERPO ON ONE ROTOR END INTERPOLAR
LEAKAGE FLUX LEAKAGE FLUX
MAIN POLE INTERPOLAR LEAKAGE FLUX MAIN POLE FLUX
FLUX ON OTHER ROTOR
END
MAIN POLE
INTERPOLAR FLUX
INTERPOLAR
LEAKAGE FLUX LEAKAGE FLUX
MAIN INTERPOLAR LEAKAGE FLUX MAIN
POLE POLE
FLUX FLUX
Vary « from 1.0to0 0.3

Case II -- Interpolar Leakage Flux Varies from 5% to 25% of the Maximum

Value of the Actual Pole Flux Wave (Field Form)
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CASE 11
5% LEAKAGE
Pi}lj. I;oie
ux to
Citor ©1 ? Pl b ¢ | o Senerate
Pole Square Reduced Generate Increased c ‘/1’ 0'5 x P.U. ;b
Embrace Wave t095% 1.0P.U.Volts 5% p T
1.0 1.27 1.21 1.0 1.05 1.0
.9 1.26 1.20 1.01 .95 .913
.8 1.21 1.15 1.05 .85 .85
.7 1.14 1.08 1.12 .75 .80
.6 1.03 .98 1.23 .65 .76
.5 .90 . 855 1.41 .55 .74
.4 .75 .71 1.70 .45 .13
.3 .58 .55 2.20 .35 . 733



CASE II
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10% LEAKAGE
P.U. Pole
C, for C1 PII.‘JIu;I‘ :;al C p . OGF;II‘::rg::e
Pole Square Reduced Generate Increased C ‘/lﬂ'ou}; ‘{)OI:JS =¢
Embrace Wave to090% 1.0P.U.Volts 10% p P
1.0 1.27 1.14 1.0 1.10 1.0
.9 1.26 1.135 1.01 1.0 .92
.8 - 1.21 1.09 1.0;15 .90 . 856
.7 1.14 1. 025 S 1.11 .80 .81
.6 1.03 .93 1.225 .70 .78
.5 .90 .81 1.41 .60 L1
.4 .75 .675 1.69 .50 .17
.3 .58 .52 2.19 .40 .80
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CASE 11
20% LEAKAGE
PFIiI I;ole
o
Cl for c1 Plti‘Jlmrrr ;);a : Cp 1 O%ex;:]:r\?ﬁts -
Pole Square Reduced Generate Increased C '/1. 2‘0 x P.U. ;3
Embrace Wave to80% 1.0P.U.Volts 20% p T
1.0 1.27 . 1.015 1.0 1.20 1.0
.9 1.26 1. 005 1.01 1.10 .93
.8 1.21 .97 1.05 1.0 . 875
.7 1.14 .91 1.12 .90 .84
.6 1. 03 .825 1.23 .80 . 82
.5 .90 .72 1.41 .70 . 822
.4 .75 .60 1.69 .60 . 845
.3 .58 . 463 2.2 .50 .917



Pole

Embrace Wave to75% 1.0P.U.Volts 25%
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CASE 11

25% LEAKAGE
P.U. Pole
Flux to
C, for C P.U. Total C Generate
1 1 Flux to P 1.0 P. U. Volts =
Square Reduced Generate Increased : g P

Cp/1.25 xP.U. ¢T

1.0

.9

1.27 .95 1.0 1.25 1.0
1.26 .94 1.01 1.15 .93
1.21 .91 1.04 1.05 . 875
1.14 . 855 1.11 .95 . 845
1.03 L7 1.23 .85 .835
.90 . 675 1.41 .15 . 845
.75 .56 1.7 .65 . 882

.58 .435 2.18 .55 .96



CASE II
40% LEAKAGE
P.U. Pole
C, for o P.;‘Jiug?;al Cp ' . OGFt‘elrl::r;(;e
Pole Square Reduced Generate Increased C /111 E‘Pv.(;}fsg
Embrace Wave to60% 1.0 P.U.Volts 40% p T
1.0 27 .763 1.0 1.4 1.0
.9 1.26 . 756 1.01 1.3 .94
.8 1.21 .13 1.05 1.2 .9
7 1.14 . 685 1.11 1.1 . 875
.6 1.03 . 62 1.23 1.0 .88
.5 .90 .54 1.41 .9 .91
.4 .75 .45 1.7 .8 .97
.3 .58 . 347 2.24 .7 1.12

120
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Conclusion

The brief study shows that the narrower poles are most efficient for machines
with no interpolar leakage. In most cases, .5 pole embrace would represent
an extreme since the flux density in the teeth for .5 embrace is 27% higher than

for an embrace of . 70.

The best pole embrace for homopolar inductors depends upon the level of in-
terpolar leakage but in a practical design with 10% leakage or less, a 50%
pole embrace will allow greater output than will a wider pole.



FLUX-PLOTTING
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GRAPHICAL FLUX ANALYSIS

Graphical flux analysis is the quickest and most direct solution to many field

problems. Irregular or complex fields that yield slowly to mathematical anal-
ysis, if at all, can be solved graphically. Manual plots are used to solve heat-
flow, air-flow, dielectric field, and flux field problems. |

In this study, only flux field distributions are mapped, and only the simplest
case is considered -- that is, the case where the iron surfaces are equipoten-
tial surfaces and the space between the iron surfaces has the permeability of
air. The same total field potential exists across the air space regardless of
any change in dimension or configuration.

The permeability of air is constant, so if the field gradient per unit of linear
measurement (ampere turns per inch) across the air space changes, the flux
density must change by the same ratio.

In making flux plots, the flux is considered to consist of tubes of flux. Ina
three dimensional field, a single tube is conceived of as looking like this:




In a two dimensional field, the depth of the tube is constant and the tube looks
like this:

/\ﬂ‘/ /ﬂ‘/

If the number of lines of flux in a tube is held constant, and the depth of the
tube is constant, the sides of the tube of flux must converge or diverge in di-
rect ratio to the change in field gradient.

By choosing the scale of field gradient and flux density, the area of flux tube
enclosed by the sides of the tube and the equipotential field gradient lines be-
come a square.

124
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The lines of flux must cross equipotential lines at right angles and enter the

iron at right angles. The corners of the areas so defined are right angles and
if the squares are successfully divided into fourths, the smaller squares be-
come more closely true squares. In any of the squares, the two dividing lines
used to divide the square into four squares will be closely equal in length.

To start a map or flux plot, draw the area to be mapped as large in scale as
practical. Ink the boundaries of the iron so erasures will not remove them.
Also, ink in the lines of symmetry.
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Draw in the middle an equipotential line and then start the plot in the most

irregular region or at a corner and a line of symmetry.

EQUIPOTENTIAL LINES
\ ) 7
/

OUTSIDE CORNER INSIDE CORNER

Start the maps with large sweeping curves and close the map before trying to
perfect the detailed areas.

Use 2H pencil for easy erasures with minimum smudging.

Make large squares and divide only where necessary to check map accuracy
or to obtain accurate density.

Intersections between flux lines and equipotential lines must be right angles
at all times or the map can not be made accurately.

When the tubes of equal flux are divided, they are most easily divided into
multiples of two. '

A map can not be forced. However, useable accuracy can be obtained without
a precise map, and the operator should exercise his own judgment as to the
accuracy required.



127
To move lines a small amount, try widening the line with pencil and removing
the unwanted portion with a sharp-pointed eraser.

START LINE

Q
e
3
L e e e

To determine, by means of a freehand flux plot, the no load field form of an
electromagnetic machine:

1. Make the flux plot in the manner described in the literature, with
all intersections of flux lines and equipotential lines at right ang-
les and with all curvilinear squares capable of being divided into
smaller, curvilinear squares.
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2. The distance from centerline between poles to the centerline of
the pole is 90 electrical degrees. Divide this arc on the stator
surface into 10° increments.

1¢° o
) 20
— F T 3
~/~ 40°
~ 5 00
60°
| 70°
80°
90°
/

3. At any point on the stator surface, the distance from the surface
to the first equipotential line is proportional to the flux density at
that point. A plot of flux density, therefore, is a plot of the ratio
of distance from the stator surface to the first equipotential line.
Where the equipotential lines have been further divided, the dis-
tance ratios increase proportionately.
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4. The maximum density (usually at the pole head centerline) can be
used as a one per unit; 1.0 or 100%.

77"
- Fundamental _ 2 .
C1 = Ratio Actual =T f (0) sin 046
l.O ﬁ\\ ‘n',’
\ (H/‘
AN or 2\  1(0)cos 0de
- i

Yl | Y| |77\~ o

11

Oo 300 600 900

Cos 0% = 1.000 Yl (.5 =
Cos 10° = .985 Y2 (.985) =
Cos 20° = .940 Y3 (.940) =
Cos 30° = .866 Y4 (.866) =
Cos 40° = .766 Y5 (.766) =
Cos 50° = .643 Y6 (.643) =
Cos 60° = .500 Y7 (.500) =
Cos 70° = .342 Y8 (.342) =
Cos 80° = .173 Y9 (.173) =
Cos 90° = .000 g —2—7-
< ¥
C =

Ref: Mathematics of Modern Engineering, Vol 1, pp 73-92, Doherty and
Keller.
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References to use for a study of Flux-Mapping techniques are:

"Graphical Flux Analysis in Transformer Design", M.G. Leonard, Electro-
Technology, Oct., 1961, pp 122-128.

rFundamentals of Electrical Design', A.D. Moore, McGraw-Hill Book.
"Electromagnetic Devices", H.C. Roters, John-Wiley & Sons Book.

Notes on Air-Gap and Interpolar Induction, F.W. Carter, IEE Proc. (British),
Vol 29, 1900, p 525.

Air Gap Induction, F.W. Carter, El. World, Vol. 38, p 884.

Sketches of Magnetic Fields inIron, Th. Lehmann, Rev. Gen. El., Vol. 17,
1926

Mapping Magnetic and Electrostatic Fields, A.C. Moore, El. J., Vol. 23,
1926, p 355.

Fundamental Theory of Flux Plotting, A.R. Stevenson, G. E. Rev., Vol. 29,
1926, p 797.

Graphical Determination of Magnetic Fields, R.W. Wieseman, AIEE Trans.,
Vol. 46, 1927, p 430.

Graphical Determination of Magnetic Fields, E.E. Johnson and C.H. Green,
AIEE Trans., Vol. 46, 1927, p 136.

Graphical Determination of Magnetic Fields, A.R. Stevenson and R.H. Park,
AIEE Trans., Vol. 46, 1927, p 112.

The Interpolar Fields of Saturated Circuits, T. Lehmann, AIEE Trans., Vol.
46, 1927, p 1411.

A Practical Application of Graphical Flux Mapping, J.F. Calvert, El. J.,
Vol. 24, 1927, p 543.
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Graphical Flux Mapping, J.F. Calvert and A.M. Harrison, El. J., Vol. 25,

1928. Theory and General Discussion, p 147; Fields of Non-Salient Pole
Synchronous Machines, p 179; D-C Motors and Generators, p 399; D-C
Motor, Salient Pole Synchronous Machine, Universal Motor, etc., p 510.

Analytical Determination of Magnetic Fields, B.L. Robertson and I.A. Terry,
AIEE Trans., Vol. 48, 1929, p 1242.

Magnetic Fields in Machinery Windings, J.F.H. Douglas, AIEE Trans., Vol.
54, 1935, p 959.
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LIST OF SYMBOLS

A, a
ampere-conductors per unit of circumference
area
distance between midpoints of two adjacent coil ends
area |
actual area of the stator conductor
actual area of the rotor conductor

area of a strand of the conductor

B, b
flux density
flux density in the gap
flux density in the core
flux density in the stator core
flux density in the air gap of the interpole
flux density at the center section of the pole
maximum flux density in the air gap
flux density in the rotor core
flux density at the slotted section of the pole

flux density in the stator tooth at 1/3 thé’distance from the
minimum section

actual flux density in the tooth
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fictitious flux density in the tooth
width

equivalent pole arc

‘width of interpole

slot width at the air gap

width of the slot opening in the stator slot
width of pole shoe

width of the center section of the pole

width of the rotor slot

height of the ventilating holes in the rotor iron
width of the slot opening in the rotor slot

slot width

“width of the stator slot

width of the stator tooth at the stator bore
width of the stator tooth at a distance half way down the slot
width of the rotor tooth at the outside diameter of the rotor

width of the stator slot at the bottom part of the tapered

section
width of the stator slot at the top of the top conductor

width of stator slot 1/3 distance up from the inside stator bore

C,c

- capacitance

ratio of the maximum fundamental of the field form to the
actual maximum of the field form
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CM demagnetizing factor

ratio of the average value of the field form to the maximum
value of the field form

C q cross magnetizing factor

CW winding constant

CX slot reactance reduction factor

c number of parallel groups

c specific heat

c number of parallel paths in the winding
D, d

D outside diameter of the stator punching

d inside diameter of the stator punching

db diameter of the bender pin

dr outside diameter of the rotor

dS inside diameter of the rotor punching
E, e

E line voltage

E £ field voltage

EF (top) eddy current factor top

EF (bot) eddy current factor bottom

E ph phase voltage

e induced emf, instantaneous value

e emf of self-induction L
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F,
force
ampere turns per pole for the stator core
ampere turns per pole for the rotor core
demagnetizing ampere turns per pole
resultant fundamental component of the field MMF

field ampere turns per pole required to generate voltage at
rated load

air gap ampere turns per pole

field ampere turns per pole required to generate rated voltage
at no load

field ampere turns per pole required to generate rated voltage
at overload

rotor iron ampere turns per pole
stator iron ampere turns per pole

ampere turns per pole required to circulate rated current on

steady state short circuit operation
ampere turns per pole for the stator teeth
ampere turns per pole for the rotor teeth
force on a single conductor

frequency in cycles per second

G g
si_ngle air gap

effective air gap
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field intensity

output in horsepower

height

heat transfer coefficient

core height

depth of the stator core

height of the slot occupied by the conductors
depth of the stator slot opening

length of magnetic patch in a pole

depth of the rotor slot

depth of the rotor core

- depth of the rotor slot from the top edge of the top conductor

to the bottom edge of the bottom conductor

depth of the rotor slot from the bore to the top edge of the
top conductor

depth of the slot
depth of the stator slot

uninsulated height of the strand

depthwise distance between the centerlines of adjacent strands
length of magnetic patch in a tooth

depth of the tapered part of the stator slot

end length extension of stator coil for unit slot throw

depth of the straight part of the stator slot from the bottom of
the tapered section to the top of the top conductor
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I i
current (for a-c effective value)
amperes per conductor
field current
field current in auxiliary coil
rated current
phase current

current, instantaneous value

K, k
distribution factor of the stator winding

distribution factor of the field winding

‘end turn leakage reactance factor

stacking factor of the iron

pitch factor of the stator winding

pitch factor of the field winding

watts per pound loss

Carter's coefficient for the rotor slots
Carter's coefficient for the stator slots

skew factor

constant used in the determination of the 1/2 mean turn of

random wound coils
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factor to account for difference in phase of current in coil sides

in same slot

constant
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stacking factor

ratio of total length of armature L to the length effective for
slot leakage

ratio of slot width to tooth width
ratio of total length L to equivalent armature length

reduction factor for slot leakage permeance (for part of slot
occupied by the conductors)

reduction factor for slot leakage permeance (for part above
the conductors)

L, 1
coefficient of self-inductance
total length of stator stack
total length of the end extension of dne turn
coefficient of self-inductance for the end winding leakage flux
self inductance of the field winding
self-inductance of the field winding
coefficient of self-inductance for the slot leakage flux

coefficient of self-inductance of the bottom coil side for the
slot leakage flux

coefficient of self-inductance of the top coil side for the slot
leakage flux

coefficient of self-inductance for the tooth top leakage flux

overall length of the stator iron

length
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length of armature core without radial ventilating ducts

length of magnetic path in a core

equivalent length of armature core

length of the end winding for half a coil

straight part of the coil extension beyond the core
overall length of the rotor iron

solid length of the rotor iron

solid length of the stator iron

effective length of the armature for slot leakage flux
average length of the stator conductor. The 1/2 mean turn
mean length of a turn

mean length of the rotor turn

length of magnetic path in a yoke

M, m
coefficient of mutual inductance
magnetomotive force (mmf)
mmf for the core
total mmf of armature reaction
total mmf of armature reaction measured in shunt field
amperes
field mmf
mmf for the airigap

mmf for the teeth
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coefficient of mutual inductance between the top and bottom
coil side for the slot leakage

mmf for the yoke
number of phases
number of phases in primary

number of phases in secondary

N, n

number of turns, total for single phase windings, per phase
for polyphase windings

number of turns per winding element
number of field turns per pole

number of field turns per pole

number of strands per conductor in depth
number of turns linked with a flux ¢x
rpm

number of conductors per coil

total number of effective series conductors in the stator
normal or rated speed

no-load speed

number of rotor conductors per slot
number of slots in the pole center section
number of conductors per slot

number of stator conductoré per slot

number of radial vents
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power
iron losses

friction losses
windage losses

number of poles

Q q

total number of stator slots

number of rotor slots wound

number of slot pitches on the rotor surface (solid pole center)

or total number of rotor slots punched (slotted pole centers)

charge on a capacitor

slots per phase per pole

resistance

radius

resistance of choke coil

resistance of shunt field rheostat
resistance of the field winding

resistance of the stator winding per phase
rotor revolutions per minute

radius of the stator bore
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resistance
resistance of armature winding
corner radius of the wire

effective stator resistance per phase

S, s
cooling surface
current density
short circuit ratio

T, t

torque

thermal time constant
period of a wave
armature time constant

period of commutation
transient time constant

open circuit time constant
time in seconds

lamination thickness

U, u

number of conductors side by side in the slot
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€
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€

PFL
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POL

igi

TFL

€

TOL

V, v
terminal voltage sor a-c effective value)
peripheral velocity of the rotor
terminal voltage instantaneous value

surface velocity of the commutator

W, w
weight
watts loss in the stator core
watts loss in the damper winding at no load
watts loss in the damper winding at full load
watts loss in the damper winding at overload
watts loss in the pole face at no load
watts loss in the pole face at rated load
watts loss in the pole face at overload
watts loss in the stator teeth at no load
watts loss in the stator teeth at rated load

watts loss in the stator teeth at overload

X, x
reactance factor
reactance
the fictitious reactance of armature reaction

quadrature axis armature reaction
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capacitive reactance

synchronous reactance
saturated transient reactance

subtransient reactance

unsaturated transient reactance

leakage reactance of the field winding

ratio of the rotor slot leakage flux to the useful flux
Potier reactance

inductive reactance

leakage reactance of the stator winding

Y,y

number of slots spanned by the coil

Z, z

total number of conductors on an armature

Lambda
permeance per unit length
specific permeance of the air gap

belt leakage permeance
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Abd

AE
AF
AFE
Ah

Ars

As
Nsb

st

permeance per unit length for mutual induction between bottom
and top coil side in the slot

specific permeance of the damper winding and eddy current
circuits

specific permeance of the stator end ainding

leakage permeance of the rotor

specific permeance of the rotor end winding

heat conductivity

specific permeance of the embedded portion of the stator
winding
specific permeance of the embedded portion of the rotor
winding

permeance per unit length for the slot leakage flux
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permeance per unit length of the bottom coil side for slot leakage

flux

permeance per unit length of the top coil side for the slot leakage

flux

permeance per unit length for the tooth top leakage flux

relative permeability

resistivity
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Alpha

ratio of the number of slots to the number of slot pitches
(solid pole centers) or the ratio of the number of slots wound

to the number of slots punched (slotted pole centers)

pole embrace per unit

electrical angle between adjacent stator slots

Beta

Delta
delta connection

thickness of lamination (L & W)

Epsilon
voltage regulation
voltage drop
Zeta
Eta
efficiency
Theta
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Tau
pitch
pole pitch
pole pitch
rotov pole pitch at rotor O.D.
rotor slot pitch at the rotor diameter
slot pitch
stator slot pitch at the inside stator bore
slot pitch at the gap
skew in inches of the iron for a length equal to the core length

stator slot pitch at 1/3 the distance up the tooth from the inside
stator bore

width of one stack of lamination plus width of one ventilating
duct

flux
flux in the pole iron

theoretical total flux in the air gap

Omega

electrical angular velocity
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